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ABSTRACT
The adoption of solar power technologies throughout the world is increasing rapidly. Solar
trackers are a necessary component in Concentrated Solar Power (CSP) applications and have
also shown up to 46% per annum energy increase in photovoltaic (PV) panels when compared
with fixed mounted panels. To resist wind forces, trackers typically incorporate heavy structural
components and reinforced concrete foundations. Thus, the manufacture and installation of
trackers is costly due to their size, weight, and careful consideration of geological conditions.
This work presents a new solar tracker design for use with concentrating solar power and
photovoltaic panels. The tracker is comprised of two coplanar perpendicular linear actuators
and one linkage arm that can track the sun in two axes. A hybrid control strategy combines
time and location based solar position estimates, with a two-axis misalignment sensor for a
robust control strategy. Part cost is lowered by the low profile tracker geometry by allowing
lighter structural and actuation components to combat gusty conditions, and installation costs
are reduced by the wide footprint of the system, mitigating the need for deep foundations. A
tracker prototype is built and tested for functionality and tracking accuracy. Testing shows an
average mechanical pointing hysteresis of 0.05◦. The tracker is outfitted with a parabolic mirror
and blackbody receiving cavity, and in full sun reaches a steady-state temperature of 670 ◦C.
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Chapter 1
Introduction
1.1 Background
In the face of global warming, growing social and economic inequality, and increasing energy
prices, the need for affordable renewable energy has never been greater. In the developing
world, electricity has been identified as “indispensable for certain activities such as lighting,
refrigeration, and the running of household appliances, and cannot easily be replaced by other
forms of energy” [15]. Access to affordable electricity is therefore critical in the process of
human development. Here in the United States, sustainable power generation at the household
level frees people from rising energy costs and reduces the reliance on power from conventional
fossil fuel generating stations. Diversification of the nation’s energy portfolio also has the added
benefit of increasing overall energy security and reducing vulnerability to significant disruption
of supply by natural or political forces.
At the residential scale, solar power is the most widely used and viable source of renewable
energy. Distributed, small scale solar power generation has been proven to be not only tech-
nically feasible, but also economically sustainable for long term usage in both developed and
developing countries [15]. In general, solar power production can be divided into two primary
categories: PV and solar thermal. PV cells directly convert the sun’s light energy into electric-
ity, while solar thermal systems concentrate the sun’s energy (typically through use of mirrors)
to a single focal point where a working fluid is heated to run a mechanical compression cycle
to produce electricity.
Although many people use PV panels on their rooftops, their power production is limited
when installed at a fixed angle. Maximum energy is produced only when light hits the panel
perpendicularly. When the sun is not perpendicular to the panel, power loss is proportional to
the cosine of the angle of incidence (the angle formed from between the panel’s normal vector
and the vector pointing towards the sun). To maximize power production, solar trackers must
be used to minimize the angular error throughout the day. Figure 1.1 shows the relationship
between solar misalignment and power production for a fixed tilt PV system.
The sun’s path in the sky changes over the course of the year, being highest and lowest
in the sky during the summer and winter solstices (June 21 and December 21, respectively).
Figure 1.2 shows the seasonal variation of the Sun’s path. To fully track the Sun throughout
the year, a tracking device must be capable of orientation to any degree between the highest
and lowest paths.
Trackers can maximize power production for PV systems, but most existing PV systems
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Figure 1.1: Power loss in relation to angle of misalignment.
Figure 1.2: The sun appears to move from left to right and up and down above the horizon.
This schematic shows the sun’s motion for a particular day seen from the Northern Hemisphere
[13].
can and most often do function without trackers. In contrast, CSP technologies necessitate the
use of solar trackers. To function properly, CSP systems must concentrate the sun’s light to a
small point to achieve the necessary high temperatures. Directing the concentrated solar light
requires that the lens or mirror be moved according to the position of the sun. Also with the
use of trackers, care must be taken to avoid shading of adjacent trackers, and spacing needs to
be optimized to ensure maximum power density for a given installation area.
One study showed that while tracking solutions can constitute up to 30% of total system
cost, great potential exists to develop tracking technologies to reduce these costs [19]. Much
of the trackers costs comes from the use of heavy-duty precision components and reinforced
concrete foundations; these are believed to be necessary in order to achieve high pointing
accuracies of heavy assemblies, while being resistant to wind loads.
Our prototype tracker aims to reduce cost by reducing the need for high precision parts and
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concrete foundations. Through the use of a hybridized control system, high accuracy orientation
is achieved with relatively low tolerance parts. Additionally, the tracker is built using many
off-the-shelf parts, further reducing manufacturing costs.
1.2 Literature Review
Development and production of solar power technologies, especially PV, has increased by
627.26% percent over 10 years from 2000-2010 [11]. The price of PV has gone down dras-
tically, from $10.34 per watt in 2000 to $6.95 per watt in 2010, a 32.79% decrease and as of
today it is approximately $5.00 per watt. [11].
The amount of energy collected is based on the angle of incidence, θ, of light, with a higher
angle producing less energy. Therefore, the maximum theoretical power gain of a tracking
system compared to a that of a fixed system can be easily calculated. By integrating Equation
1.1 below, the total amount of energy produced can be calculated:
dW = ISdt (1.1)
where dW is instantaneous power, I is constant solar insolation, and S is the effective collector
area. The angular velocity of the sun can be assumed to be ω = 2piT = 7.27x10
−5rad/s, where
T = 24h = 86400s. When using a solar tracker, S will remain constant throughout the day
as the receiving surface maintains its orthogonality to the sun. In the case of a fixed system
however, the effective area is given by
S = S0 cos(θ) (1.2)
with S0 being the surface area and θ the angle between the panels normal vector and the sun
at any given time. By combining Equations 1.1 and 1.2 and integrating over the course of a
day, the power generated by a fixed-tilt system can be estimated. Assuming a constant S (i.e.
when used in concert with a tracking system) and integrated over the same period, a result is
the production of 57% more energy. In reality insolation is not constant, and there are other
compounding factors, but through these simplifying assumptions, it can be assumed that 57%
is the upper bound for solar tracking energy gains.
Helwa et al studied the solar energy captured by different solar tracking systems. A fixed
system with a 40◦ tilt angle, a one-axis tracker with a 33◦ tilt angle, a one-axis tracker with 6◦
tilt angle, and a dual-axis tracker were used in the experiments. The comparison curves amount
the different systems showed an increase in annual radiation gain from the dual-axis, one-axis
33◦ tilt angle and one-axis 6◦ tilt angle of 30%, 18% and 11%, respectively [14]. Another study
found that PV systems can generate up to 46% more energy using solar trackers than with
fixed single systems [20].
Common characteristics of tracking systems (single or dual-axis) include: a single column
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structure, open loop control, one or two moving motors, light sensing device, and an azimuth
angle adjustment [18]. In analyzing existing solar tracking system designs, we have evaluated
these characteristics based on their functionality and use. Structures that contain a single
column produce a smaller sweep volume but require a stronger concrete foundation for support.
As for the control mechanism, open loop control moves the tracker based on knowing the
positions of the sun according to the latitude, longitude, date and time, while closed loop
control moves the tracker based on sensory input. Each control strategy has its pros and cons.
For instance, open loop control may not produce the desired accuracy and repeatability due to
the the degradation of parts and installation misalignments. For solely closed loop control, the
tracker may not function properly if the light intensity isn’t strong enough. However if both
are paired together, the flaws of one method can be corrected or compensated by the other.
The methods for changing the orientation of the system are classified as either passive or
active tracking. Passive solar trackers rely on thermal expansion of a matter (usually Freon) or
on shape memory alloys to provide actuation. One passive solar tracker designed by Clifford,
which uses bimetallic strips to provide actuation, has the potential to increase solar panel
efficiency by 23% [16]. Active trackers can be classified as microprocessors or other electronics
to control positioning actuators. They can be based on either open or closed loop control
strategies. Abdallah designed and constructed a 2-axis, open loop, programmable logic control
(PLC controlled) sun-tracking system that showed an increase in total daily collection of about
43% [14]. He also found that the power consumption to drive motors and control systems was
about 3% of daily power gained, making tracking system a viable solution.
1.3 Project Objectives
The objective of this project was to develop a prototype 2-axis tracking system for use with
solar power generation systems. Motivations behind the design included:
• Reduced forces on critical members allowing for use of less robust and less expensive parts
• Base/mounting geometry capable of being installed without a concrete foundation
• Implementation of a control strategy to correct for tolerance buildup and installation
misalignments
The prototype tracker was developed for use with a Brayton Cycle solar thermal generation
system currently being developed by Dr. Hohyun Lee and graduate student, Matthew Neber.
The tracker is a fully functional proof of concept and has been integrated with a parabolic
mirror and prototype receiver used in the initial development of the Brayton Cycle receiver.
A full PDS can be found in Appendix F.3, but to be competitive with existing solar trackers,
the following was set as design requirements:
• tracking accuracy of +/- 0.5◦
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• tracking power consumption of 20-40 Wh/day
• azimuthal rotation angle of +/- 90◦
• elevation tilt angle 0-90◦
• redundant and fail-safe control algorithm
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Chapter 2
System-Level
2.1 System-Level Overview
The solar tracker prototype can be divided into three subsystems: the mechanical, electrical,
and control. The mechanical system consists of the structural components that support the
tracker and provide a means of actuation. This system dictates the range of the tracker and was
designed to resist wind loading. The electrical system is comprised of the wiring and electronics
used in controlling the tracker. Finally, the control system is defined as the microprocessor and
source code that control the tracker.
The mechanical subsystem pictured in Figure 2.1 consists of the structure itself. From the
base upwards, the structure consists of a flat wooden base, which will act as the mounting
plane for the tracker whether it be the ground or rooftop. Mounted on the base are two linear
actuators placed in a T-shaped configuration for dual-axis tracking and for distribution of the
loads both statically and under wind loading. Attached to each linear actuator are shuttles
which rotate about the lead screw in order to move the mounts to the proper location. These
control the position of the tracker in order to obtain the proper orientation to the sun. Lastly,
the parabolic dish or PV panel holder is mounted atop the linear actuator shuttles via linkages
and an arm bar.
Figure 2.1: The items in the mechanical subsystem are circled in yellow
The electrical subsystem, circled in Figure 2.2, consists of a DC power supply, electrical
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wiring to connect all the sensors and accompanying circuitry, limit switches, motors, and power
switching electronics. All of the system wiring converges at the control box shown in Figure
2.3.
Figure 2.2: The items in the electrical subsystem are circled in blue
The control subsystem consists of the microcontroller and control code that are housed
within the box circled in Figure 2.3. The control system ensures proper orientation of the
tracker, and combines both open and closed loop control strategies. It is responsible for inter-
preting all the relevant input signals and commanding the motors in the appropriate manner.
Figure 2.3: The items in the control subsystem are circled in red
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2.2 Customer Needs
To better understand the needs and desires of the end user, interviews were conducted with
three different people. Joe Sugg is the Assistant Vice President of University Operations at
Santa Clara University and recently oversaw the purchase a 1MW fixed-tilt PV array. Mark
Freeman and Carlos Garcia are solar contractors that work in the industry. The results of those
interviews are summarized in Table 2.1. The questions asked during the interview can be seen
in the Appendix G.1 and their interpreted need can been seen in Appendix G.2.
Customer Requirement Importance
Joe Sugg
Price of the product is too expensive High
Reduce the amount of maintenance High
Interactive with end user Medium
Minimal monitoring from the end user High
Mark Freeman
Meet government standards High
Product needs to be scalable to open the market,
starting at the residential market
High
Conversion of energy into electricity causes in-
stallation problems
Medium
High price of system mainly due to high shipping
costs
High
Carlos
Reduce the cost of expensive and permanent
foundations
High
Higher wind tolerances High
Table 2.1: Summary of the needs of trackers coming from a range of customers from the end
user to solar contractors to manufacturers.
Not surprisingly, affordability and ease of maintenance are of utmost importance to all
parties. As a result, it is important to look at current designs and determine the main issues
with solar trackers on the market in order to improve upon current designs. The main aspects
that needed to be improved include: sweep volume, cost, reliability, and efficiency.
Interviews with solar contractors and manufacturing firms shed light on the elements that
contribute to tracker cost. Their comments further corroborated the information presented in
Kolb’s heliostat reduction study [19]. Namely the cost of the tracker increases with weight,
shipping costs (function of size and weight), extent of concrete foundation, and the amount of
training needed to install the product.
From the interviews, we determined the essential needs of the customer and the relative
importance of needs.
• Increase overall performance of the system
• Total price of the system
• Low operational power consumption
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• Ability to handle adverse weather conditions
• Low maintenance and user friendly
The relative importance of needs for the product were considered as follows during the design
process to ensure that the product produced would satisfy customer desires.
Design specifications of the tracker (shown in Appendix F.3), were based on a current dual
axis solar tracker made by PV Trackers.
2.2.1 Commercial
In order for our tracker to be used in a commercial setting, the team needed to determine a
way in which the tracker could be implemented with multiple panels or dishes. This includes
determining the spacing between each unit to ensure the absence of shading issues and how
each tracker would be controlled, whether it be collectively or independently.
2.2.2 Residential
In order for our tracker to be used in a residential setting, the team needed to determine the
ideal location for the tracker to be implemented based on the limited area of the user and
possible shading structures while meeting all of the other requirements.
2.3 User Scenario
The solar tracker designed is targeted for residential consumers in order to increase the power
production of their current or future solar power generation system. The system will be easily
implemented, negating the need for professional installation. Also, the system will be interactive
to some degree by enabling the user to easily understand how the tracker is moving to follow
the path of the sun and can determine how much power is being produced and consumed by
the product through an interactive panel display.
2.4 Benchmarking
2.4.1 Current Trackers
Tracking systems have been around since the first megawatt-scale power station in Hisperia,
Califorina in 1982. However, despite the push to transition to clean energy and make solar
technologies more affordable, especially PV in the price per watt, there has not been significant
advancements of tracking technologies at the residential scale. Currently, parts and installation
of trackers cost up to 30% of the total system costs. Also, many people are not familiar with
trackers and the benefits of their use due to their limited availability.
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The trackers on the market today are used mainly in large scale applications. Solar fields
are usually located in isolated areas where the mobility of the system is not an issue as it is
in residential areas. For example, the latest project that has gone under way is in the Mojave
Desert; it plans to power 85,000 homes using concentrated PV. Figure 2.4 depicts what the
completed project should look like. These projects use advancing technologies that cannot be
used at the residential scale because either the technology is not scalable or is too expensive.
Figure 2.4: The anticipated completed solar project located in the Mojave Desert [8]
2.4.1.1 MecaSolar MS-2 Tracker 10
Figure 2.5: MS-2 dual axis solar tracker for 13 kWp [9]
MecaSolar designs trackers for PV solar fields and has implemented their trackers (single
and dual-axis) on every continent for a total of 343 MW installed. Their MS-2 Tracker 10 model
has a V-shaped structure that is capable of holding up to 13.16 kWp. However, the tracker sits
on a 7.5 m3 foundation that does not require any excavation. Their design also includes a three
phase motor which reduces losses in the wiring. Finally, their design consumes less than 100
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kWh/year. Based on the installation and implementation of their design, there is a minimum
of a 35% increase in energy production. The MS-2 Tracker 10 is pictured in Figure 2.5 and the
data sheet can be seen in Appendix E.1.
2.4.1.2 OPEL Solar SF-20
Figure 2.6: SF-20 tracker used in a solar field [10]
OPEL Solar has developed single and dual-axis tracking systems for use in commercial and
solar fields to increase power production up to 40%. The trackers have sold and deployed
around the world for ten years and have a relatively easy installation (no welding). Although
their system has a high level of accuracy (within +/- 0.1◦), the installation requires a two-man
team along with a concrete foundation. The SF-20 CPV is pictured in Figure 2.6 and the data
sheet can be seen in Appendix E.2.
2.4.1.3 PV Trackers PVT 7.2 DX
PV Trackers mainly implements their solution in the United States and has only designed the
PVT model but has made many upgrades. Due to their large basis in the United States, they
design their system around power plants as a way to market their product. With their system,
the tracker is made stationary through helical piles (done within 5 minutes) or concrete pier
footing or pad foundations, which are minimally invasive. Through their design, it is believed
that it reduces the cost by 33% and energy production of up to 40% based on site. The PVT
7.2 DX is pictured in Figure 2.7 and the data sheet can be seen in Appendix E.3.
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Figure 2.7: PVT 7.2 DX tracker used in a solar field [12]
2.4.2 Benchmark Results
Based on the data collected from existing products on the market and potential in patents (more
on patents in Chapter 8), it is evident that solar tracking technology needs improvement in order
to be a viable solution at the residential scale. One of the major components of improvement
is price. Price has a large effect to whether the consumer uses the technology or disregards
it. The large price of trackers mainly comes from the excavation, concrete foundation, and
expensive custom manufactured parts. Also, concentrated solar power technologies are more
efficient than PV systems, but need trackers in order to produce electricity. Therefore we must
improve on the tracking system in order to properly use the technology provided to us.
With the information gathered from current products and the customer needs, the ideal
tracker can be designed and constructed. PV Trackers’ PVT 7.2 DX is most similar to the
product we wanted to design due to its minimal invasive foundation to support the structure.
Also, many of the components are pre-made to ease installation, which allows the end user to
possibly install the system if made at the residential scale. Finally, we wanted our design to be
scalable, used at the residential or commercial level, which the PV Tracker design can also do
(6.5 kW to 7.4 kW). Thus, this tracker will be used as a benchmark comparison to our design.
The full comparison can be see in Appendix F.3.
2.5 System Layout
The system as previously mentioned is broken into three subsystems. Each of these systems
interact with the others to accurately and precisely follow the sun. Figure 2.8 explains how
each system communicates with each other. However, within each subsystem, there are other
interactions that go on to translate the message to the other subsystems.
In the mechanical subsystem, the interactions between parts can be seen in Figure 2.9. It
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Figure 2.8: How each subsystem interacts with each other, with the inputs of one subsystem
as an output from another
takes the outputs from the electrical subsystem to move the linear actuator mounts to its proper
location, which places the parabolic dish or panel normal to the sun.
Figure 2.9: Mechanical subsystem interaction between parts
In the control subsystem, the interactions between the code and commands to the stepper
motors can be seen in Figure 2.10. It takes the information from the Real Time Clock (RTC),
user inputs (location), and the voltage differential, and calculates the most precise positioning
of the linear actuator blocks. This is then translated into directing how many steps the motor
must take when turning the lead screws for positioning the shuttle mounts.
In the electrical subsystem, the interactions between parts can be seen in Figure 2.11. This
subsystem relays information between the mechanical and control subsystem and powers all of
the components.
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Figure 2.10: Control subsystem interaction between code and motors
2.6 System-Level Issues
2.6.1 System Options and Trade-Offs
In order to optimize the functionality of the tracker, the team needed to analyze the extent
to which each feature affects the overall system. Certain design features will create synergies
with other features or trade-offs in functionality. After conducting interviews and reviewing
current designs and patents, the team created a prioritizing matrix of tracker features (seen in
Figure 2.12) and Quality Function Deployment (QFD) (seen in Figure 2.13) based on the needs
interpreted from the customers.
The most important feature the team decided on was the range of motion of the system.
Without range of motion of the sun for most of the world, this product would be location
specific and not have a wide range of benefits. The second most important feature was the
sweep volume. With a smaller sweep volume, the system is compact and thus, can increase the
power density. However, with a small sweep volume, there are certain design criteria which must
be followed. Finally, the last two categories that must be taken into high consideration are cost
and actuator force. Although cost was not as high of a priority, many of the design decisions
made have synergies or trade-offs with cost. For example, a design with a small sweep volume
usually has a trade-off with cost due to the large mast and concrete foundation that must be
installed as well as expensive actuators to handle the high force. The team’s initial designs and
scoring based on the prioritizing matrix can be seen in Appendix F. After reviewing our own
designs, we later decided that cost was a much more important factor than sweep volume since
residential customers would only buy one system instead of a field of trackers and panels.
Other issues not considered in the prioritizing matrix or QFD that are key to the success of
our design are the control system algorithm and actuation strategy. When we considered control
algorithms, we discussed whether we should use an open loop or closed loop actuation strategy.
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Figure 2.11: Electrical subsystem interaction between parts
An open loop system is easier to implement, but it does not account for any error created as
a result of manufacturing tolerance. Thus, we opted to use a hybrid control system, an open
loop and closed loop algorithm, which initially places the tracker to the theoretical position
of the sun and then corrects itself to the brightest spot in the sky through dynamic feedback.
This allowed us to avoid using high precision machined parts, which are expensive and time
consuming to obtain. When we considered the type of actuation, we looked at hydraulics, linear
actuators, stepper motors, and servo motors. The basis of our decision on the type of motor
to use depended on the torque capacity, size, energy consumption, advantages at low speeds,
and controllability. Although servo motors are simpler and much easier to use, the advantages
of stepper motors matches the application of solar tracking appropriately due to its open loop
control and the stability of holding its position when the system is not moving. The decision
on the type of actuator also depended on the design of the system, since certain design only
allows for one type of actuator.
2.7 Functional Analysis
2.7.1 Mechanical Subsystem
2.7.1.1 Mirror Holder Structure
The mirror holder subsystem, pictured in Figure 2.14, will be attached to the linear actuators
in a way that encapsulates the sun’s range of motion while keeping the parabolic dish stable.
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Figure 2.12: Prioritizing matrix to determine which feature in the design is most important.
Each feature is then given a weighting to be used to rank the different ideas the team has.
Figure 2.13: QFD based on the customer’s interpreted needs and functional requirement. A
triangle represents a weak relation, an empty circle represents a medium relation, a circle with
a dot in the middle represents a strong relation and a blank box represents no relation between
the two qualities.
The mirror holder also must house the sensor, which determines the error in the alignment to
the sun.
2.7.1.2 Linear Actuators
The linear actuators and the mounts, pictured in Figure 2.15, support the mirror holder struc-
ture. The linear actuator mounts also must be able to move with the lead screw in order to
to keep the dish oriented normal to the sun. This subsystem executes the commands delivered
from the electrical subsystem from the control subsystem to position the dish.
2.7.2 Control Subsystem
2.7.2.1 Open Loop Control
The open loop control is operated by the sun’s theoretical position in the sky based on a RTC,
which uses the current date, time, latitude and longitude of the user. This subsystem directly
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Figure 2.14: Parabolic mirror holder designed in Solidworks
Figure 2.15: Linear actuators created from a lead screw and 80-20 aluminum extrusion
positions the panel or dish to where it predicts the sun to be. The actual position of the tracker
and actual position of the sun are only aligned if the system is installed perfectly south and if
the parts have not changed over time.
2.7.2.2 Closed Loop Control
Although open loop control seems to precisely orient the panel or dish normal to the sun, this
alignment may be within a few degrees off target, in which case closed loop control takes over to
ensure that the tracker is aligned normal to the brightest spot. From the error information the
sensor gives the controller, the controller will then decide the amount of change in alignment to
be made in order to correct the position. This allows the tracker to maintain normal alignment
over a long period of time, even as parts degrade or if the installation is not perfect.
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2.7.2.3 Stepper Motor Control
Based on the information gathered from open loop and closed loop control, the microcontroller
calculates where the two mounts should be placed on the linear actuators to provide proper
orientation. However, nothing is done unless the stepper motors receive a signal to move. The
controller determines how many rotations each stepper motor must complete to achieve that
position and relays that to the stepper motors to change the position of the two mounts.
2.7.3 Electrical Subsystem
2.7.3.1 Power
The power subsystem provides the power necessary for tracking. This involves the circuitry to
distribute power to the controller and stepper motors. Because we were not able to attach a
solar panel or a turbine on the receiver to use the power produced to track, our team used an
external power source.
2.7.3.2 Sensor
Figure 2.16: Senor to measure voltage differentials to determine the orientation error
The sensor subsystem, pictured in Figure 2.16, allows for real-time error analysis to correct
the trackers position relative to the sun. The sensor, housed on the mirror structure, assesses
whether the tracker is positioned normal to the sun. This is done through voltage differences
determined from solar cells, located in the four compass directions, along with a shading struc-
ture. The information gathered is then sent to the controller, which decides whether or not the
tracker’s position needs to be corrected.
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2.7.4 Inputs/Outputs
Each of the subsystems have their own requirements that must be met. However, because many
of the subsystems are interlinked, they must work together for the project to succeed from the
main inputs it receives. The inputs are the current date, time, latitude, longitude, and the error
of the sun based on the sensor. Based on these inputs, the system will output the orientation
of the dish or panel normal to the sun or brightest spot and place the tracker.
2.8 Team and Project Management
2.8.1 Project Challenges
There are many challenges and constraints that must be considered when attempting to develop
a unique design for an “existing product”. Particularly for a solar tracker, these issues range
from minimizing the sweep volume, structural support, the design process, budgeting, and
time management. In addition to these issues, other challenges arose from balancing course
work given throughout the year and an advanced deadline in order to compete in the EPA P3
National Student Design Competition for Sustainability.
The challenges presented involved issues at the system and subsystem level. Although the
sun’s theoretical position can be determined without knowing the design of the tracker, the
progress of the project is determined from the design process. With the chosen design of the
tracker, the team could then move on and tackle the challenges at each subsystem level.
2.8.2 Budget
After determining that the proposed project is viable solution, the team estimated the total
cost of the prototypes and scaled model to be constructed. From this estimate, the team sought
out funding for the project through the the EPA P3 Competition Fund, School of Engineering,
the Willem and Maria Roetlands Fund (through the Center of Science and Technology) and
the Undergraduate Travel Fund for a total of $9650.00. The team spending and pending orders
were placed in a document located on the serve and updated after every purchase to ensure
that the team was within budget estimates. After project completion, the team was within
budget with about $1,198.79 remaining. More on the budget can be seen in Chapter 7 and a
full expense report can be seen in Appendix H.2.
2.8.3 Timeline
The course of this project occurred over the course of the 2011-2012 academic year and con-
cluded with the annual Senior Design Conference. The project began with brainstorming pre-
liminary designs to meet the project’s initial objectives of reducing the sweep volume, costs,
and distribution of force. From the chosen design, the scaled model of the tracker was manu-
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factured and constructed from February to April with testing in April and May. A completed
Gantt chart detailing the milestones made can be seen int he Appendix H.1.
2.8.4 Design Process
The design process used to design and construct this solar tracker was modeled after the Engi-
neering Design Process. Since this project is a product that already exists in the market, the
team first researched existing solutions and determined areas of improvement. Next, the team
brainstormed different solutions that solve the current issues or improved other characteristics
and determined whether or not developing another design was both within budget and com-
petitive in the market. From there, the team developed preliminary designs which used the
concepts formed from the solutions brainstormed, and a final design was chosen that addressed
most of the issues concerning existing solutions on the market today. Based on the final design,
a formal analysis was conducted to determine whether it met the project’s objectives before
construction took place.
2.8.5 Risks and Mitigations
In completing this project in a short period of time, there are many risks involved. The team
was not able to assess each design fully and choose or implement a unique feature that may
enhance functionality in another design. Thus, although the final product may be operational
and novel, it may not be the best product that the team could have produced. Also, based on
the scaled model, there may not have been a way to fully test the model other than through
computer simulations.
2.8.6 Team Management
Throughout the course of the project design process, there were many issues in regards to time.
Thus, the team had decided on a plan of action to take if any critical issues arose to ensure
that the problem was dealt with in a timely manner. The team first developed a timeline
where major milestones were listed to establish deadlines that needed to be met to have a
successful project. Based on the upcoming milestones, work was divided based on the strength
of each team member and was advised by the other team members throughout the process. To
guarantee that each member was working on the project, the team met on a weekly basis to
check the progress and ask for any help on their work. Also all work and resources were stored
on a server, allowing each team member to have access to all of the project documents at any
time. This helped the team work on different aspects of the project separately in order to make
the most effective use of time.
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Chapter 3
Mechanical System
3.1 Background
While developing a new and innovative solar tracking solution, the team addressed the issues of
typical solar tracking designs. Wind is a major factor when designing a tracking solution because
it dictates the strength of the structure holding the solar module. Solar trackers are expensive
in part because of installation costs and the need for high strength components to withstand
wind loading. Most trackers require construction of a large concrete base that penetrates the
ground in order to make the tracker structurally stable. The concrete base reduces the bearing
pressure on the soil and resists the tendency for the structure to rotate or lift up from the
ground. However, concrete adds a significantly higher construction cost. A new low profile
design that effectively reduces wind loading on the base was developed to eliminate the need
for expensive high strength components and high installation costs. This low profile design is
achieved through two linear actuators configured orthogonal to one another and on the same
plane. The geometry of the dual axis tracking is described in section 3.2.1.
3.2 Subsystem Requirements
The development of the mechanical system involved designing around its ability to track the
Sun, withstand high wind loads, and achieve high accuracy and precision with the design’s
actuation method. The position of the Sun can described in azimuth and elevation coordinates,
where the azimuth angle, θ, describes the horizon angle from south and the elevation angle,
φ, describes how high from the horizon the sun is. In order for the tracker to be effective, it
must be able to track the sun when it is highest and lowest in the sky. These days are on
June 21 (summer solstice) and December 21 (winter solstice), with the Sun’s elevation varying
depending on the location on the Earth. Several design considerations were developed to obtain
the largest tracking range possible. The structure was also designed to reduce forces on critical
parts by spreading out the load through two points of connection. This greatly reduces the cost
of the linear actuators, allowing for less robust actuators to withstand the weight of the solar
module and other external forces such as wind loads. The issue of friction between moving
parts and joints was also addressed in order to reduce the torque requirements in the motors.
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3.2.1 Range of Motion
The dual-axis movement is achieved through the positioning of the slides on the linear actuators.
On the top of each slide is a rotating mechanism where the linkages are attached. By moving
the slides along the actuators, the clevis mount mechanism rotates accordingly and the dish
orientation is adjusted based on the desired azimuth and elevation angles. In Figure 3.1, the
geometry of the yellow and red triangles determine where the slides need to be positioned in
order to orient the dish to the proper azimuth and elevation angles. Equations 3.1 and 3.2 can
be solved as a system to convert azimuth and elevation angles to corresponding x and y slide
locations. Note that Equation 3.2, meaning it will have two solutions. It was found that the
additive solution is in fact the correct solution. Derivations of Equations 3.1 and 3.2 can be
found in Appendix D.1.
x = y cos θ (3.1)
y2 sec2 θ − 2y sec θ cosφL2 + (L22 − L21) = 0 (3.2)
The angle θ is referenced off of a line pointing down the length of the y actuator (ideally
pointing true south). Thus, if the desired azimuth angle is less than 180◦(east of south), x will
be positive, and likewise if the desired azimuth is greater than 180◦(west of south) the sign of
calculated x position must be negated.
With these equations of motion, a tracking range can be formulated based on the lengths of
the actuators and lengths of the supports pictured in Figure 3.1. To determine if the tracker’s
geometry could actually follow the Sun’s path, a MATLAB algorithm was created to see what
type of azimuth/elevation solutions could be obtained with the particular geometry (see Ap-
pendix. The algorithm produced plots shown in Figure 3.2, with the black space representing
the azimuth and elevation angle solutions the tracker can obtain with a particular geometry.
Depending on the ratio of the linkage lengths L1 and L2, the tracking range can be varied and
optimized.
With the low profile design, certain mechanical constraints reduced the range of motion of
the tracker. In order to track the Sun at all points across the sky, the y actuator slide would
have to cross over the x actuator. This would allow for tracking of the Sun at the beginning
and end of the day. A mechanism would have to be designed in order to obtain this extra
tracking range. However, constructing a scaled working prototype was made priority before
further developing this aspect of the tracker.
3.2.2 Structural Stability
The structural aspect of the solar tracker consists of the clevis mounts, linkages, and a mirror
holder. Clevis mounts (see Figure 3.5) were designed to mount a mirror structure to the linear
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Figure 3.1: Triangles show how the dish is oriented through the geometric relationships of the
actuator slides and linkages
actuators. The mounting point on the clevis was designed to sit as low as possible in order to
reduce the moment induced on the linear actuator. Rigid clevis mounts and a connecting rod
were designed to minimize play in the moving joints while being subject to wind loading. The
structure must be able to support the weight of the solar module mounted on the tracker and
also withstand high wind loads.
A mirror structure was developed with the purpose of holding a parabolic mirror and solar
receiver. It needed to be strong enough to hold the weight of the receiver, which is approximately
14 kg. The weight of the structure must also be as light as possible in order to reduce the amount
of energy used by the motors.
3.2.3 Accuracy
The solar tracker must be able to achieve high accuracy and precision when it is commanded to
move to a certain position. Accuracy and precision for typical solar trackers on the market can
vary depending on the application. Photovoltaics need not be as precise as concentrated solar
power systems, because very small degrees of misalignment for PV do not significantly reduce
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Figure 3.2: The geometry of the tracker can be varied in order to achieve the optimal tracking
range (shown in black)
power production (5 ◦ only loses 2% of maximum power production). In order for our system
to be cross-compatible with other solar technologies that benefit from tracking, the accuracy
and precision must also meet the requirements of CSP.
The accuracy and precision of the solar tracker can be significantly affected by factors
such as tolerance buildup in machined parts, backlash in gears, misalignment of the tracker
with perfect south, and wind loading causing the structure to move. While these mechanical
imperfections are inevitable, they can be compensated with closed loop control. The lead screw
linear actuator design has many advantages that are desired in a solar tracker application.
It can achieve high precision based on the pitch of the screw. Inexpensive low resolution
stepper motors can therefore be used with high accuracy when coupled to a lead screw. For
manufacturing, the tolerance fits on bearing, bushing, and shaft were kept at reasonable values
so that they could be achieved with the machines available.
3.3 Design Options and Trade-Offs
While developing the solar tracker, many iterations were done on the design of critical parts
such as the clevis mounts and linear actuator setup. For the clevis mount design, attention
was placed on what bearings needed to be used and how to design it to be able to withstand
external loads. Optimizing this design relied on reducing bending moments by designing the
mounts with a low profile to attach to the actuators and also eliminating putting any screws in
shear. It is good machine design practice to reduce any type of non-linear stresses and design
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for linear stresses where applicable. The design of the tracking geometry had various options
on setup, with each one giving a different tracking range. Being able to track the whole path
of the Sun throughout the day would require a more robust design as stated in Section 3.2.1.
Finding the optimal range while still maintaining a stable design proved to be the determining
factor when designing the actuator geometry.
3.3.1 Tracker Geometry
For the low profile design based on two linear actuators, the linkage geometry could be varied
in order to achieve the best tracking range. Lengths L1 and L2 are defined as the lengths seen
in Figure 3.1. This minor adjustment allows the design to be scalable and use shorter actuators
as the design is scaled up. As the scale of the design becomes larger, the actuators also become
longer. This increase in length leads to higher costs for manufacturing bigger parts. Longer
actuators can be minimized by adjusting the ratio of the L1 and L2. Adjusting this ratio varies
both the tracking range and the stroke length requirement of the linear actuators.
3.3.2 Actuation
The actuation strategies were compared, with the pros and cons of each design setup according
to cost and load requirements. Linear actuators can be either: ball screw, lead screw, or belt
driven. Each have their own advantages and disadvantages, but all can achieve high accuracy.
Due to price constraints and load carrying capacity, the lead screw method was decided upon.
Lead screws can be easily designed for applications that require carrying large loads, precise
and accurate linear motion, and large speed reduction with minimal parts. The low operating
speed of the solar tracker eliminates the disadvantage of lower efficiency due to friction. Another
advantage of lead screws is its ability to not be backdriven due to the friction between the screw
and the nut. For solar tracking applications, this is desired because the tracker is more stable
and less susceptible to misalignments.
3.3.3 Materials
For the prototype, typical engineering materials were used for construction. Aluminum 6061-
T6 was used for construction of the clevis mounts. This material was chosen because of its
reasonable price, machinability, light weight, and high yield stress. The function of the clevis
mounts are to allow 2-DOF rotation of the linkages, while still maintaing structural rigidity.
Because of the amount of machining required for the mounts, aluminum was a viable material
to fabricate the mounts. Low carbon steel ground shafts were used at pin joints to withstand
the shear stress at the clevis joints. Shaft diameters were sized based on load capacity and space
requirements in order to account for magnified loading from the wind. Bronze flanged sleeve
bearings were used at these joints to allow for lower friction at a lower cost than ball bearings.
Steel thrust and roller needle bearings were used for their thin profile and high load carrying
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capacity, while greatly reducing the friction between the rotating parts at an economical price.
Bronze bushings were used in pinned joints instead of ball or roller bearings because of cost and
simplicity. While the clevis mount bearings are mostly protected from the elements, the pinned
joints are open to the environment. These bushings need zero maintenance and are very cheap
to replace. While designing the linear actuators, economical materials were considered for their
construction. Machined Delrin blocks were used to support the leadscrew at both ends instead
of a ball bearing assembly. Delrin is still able to provide low friction for the leadscrew to rotate
at a lower cost than a ball bearing assembly. Machining of these blocks is faster, because a
bearing housing fit does not have to be accounted for.
3.4 Detailed Design Description
The design of the solar tracker started with a CAD Solidworks model. Parts that would be
bought were imported into the CAD model from the company’s online library, allowing for fast
modeling. Material properties of all the parts were applied to obtain a calculated value for the
weight of the entire tracker. In order to see any interferences of parts during operation, a motion
study for the assembly was created. The motion of the tracker following the sun was simulated
in Solidworks, which checked to see if any collisions occurred. If any did occur, the design of
the assembly and individual parts could be modified to achieve the necessary clearance.
3.4.1 Geometry
The final geometry consists of the two custom linear actuators in a T-configuration without the
overhang mechanism. An L1/L2 ratio of 1.1 was determined to have the best tracking range
for Santa Clara. With the current configuration, the tracking range can be seen in Figure 3.3.
The tracking range is limited, since the actuator lengths had to be shortened in order for
the system to be shipped to the EPA P3 Conference. The tracking range can be extended by
increasing the length of the x actuator. This would allow the solar tracker to cover the entire
range of the Sun’s path.
3.4.2 Linear Actuators
The lead screw design was chosen because of its simplicity, high accuracy and precision, and
its high load carrying capacity. The linear actuators in Figure 3.4 were designed and built with
8020 aluminum extrusion and 8020 teflon sliders. These parts were chosen, because they are
commonly used in custom CNC machine applications, which also require high precision. The
aluminum extrusion can be obtained at various lengths and can be assembled easily.
Mounted onto the sliders are Delrin blocks that are threaded to mate with the ACME
lead screw. The ACME lead screw is supported by two acetal blocks at opposite ends of
the actuator. The Delrin blocks provide low friction for the screw to rotate. The lead screw
assembly is designed so that it only experiences uniaxial forces. If the screw is subject to
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Figure 3.3: Tracking range of the final as-built prototype
bending moments, it has a higher chance of failure and lowers the precision of the system. The
teflon slider is mounted to the aluminum extrusion so that it takes away any kind of bending
moment on the lead screw and places it on itself. Stepper motors were sized based on the power
screw torque equations (see Section 4). A spread sheet calculator was used to find the required
torque to actuate the load from a 3/8”-12 lead screw (see Appendix D.2.)
3.4.3 Clevis Mounts
The purpose of the clevis mount is to provide 2-DOF rotation. The clevis pin joint allows for
vertical angular motion and the thrust bearings allows for horizontal angular movement. It is an
integral part of the mechanical system to have low friction and good structural stability. With
the two clevis mounts mounted on the two linear actuators, the mirror structure can be attached
to the tracker and have the degrees of freedom necessary to track the Sun. The mounts allow
the movement of the x and y actuator slides to translate into azimuth and elevation angles.
The clevis mounts in Figure 3.5 are made of Aluminum 6061-T6. The mounts can be
separated into two main parts: a top block and a bottom block. The clevis design allows for
very little play and keeps a tight tolerance due to the compression of the channel. It also reduces
the shear stress on the shaft, because the reaction force is split in half in the two supports.
Needle bearings are used to allow for low friction movement between the two blocks. Low
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Figure 3.4: Custom lead screw linear actuator assembly
profile bearings were used because of the limited space and to allow the mount to create less of
a bending moment on the actuator. A 1/2” diameter by 7/8” thick boss (see Figure 3.6) was
machined in the aluminum in order to prevent any shear on the hex bolt holding the two blocks
in compression. It experiences axial loads from the mirror structure and has a needle roller
bearing mounted on it to reduce friction between the two blocks. The boss acts as a hollow shaft
that carries all of the bending stress created from the moment of the mirror structure. The 1/4”
bolt that holds the assembly together therefore does not experience shear or bending moments
and is only loading in tension and compression. It sees tensile stress from the wind when the
structure has a positive lift coefficient, and it sees compressive stress from the preloading of the
bolt. The two thrust bearings allow the top block of the assembly to rotate independent of the
bottom block with reduced friction. The needle roller design requires very little radial space,
and for the radial loaded bearing, it leaves very little play on the shaft due to the roller length.
Bearing shaft and housing tolerances were chosen using ISO standards for a typical press fit and
shaft fit (see Appendix A.10). Due to the limitations of the milling machines used in the Santa
Clara University Machine Shop, the maximum precision attainable was +/- 0.005”. Because
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the loading on the bearing can be considered static, creep was not a huge issue. These bearings
are capable of carrying dynamic loads over 5000 lbs, making them an economical solution for
solar tracking. For the pinned clevis joints, typical bronze oil bushings were used because of
their cost, simplicity, and low profile design, while still reducing friction. Their tolerance (see
Appendix A.9) allows a shaft to be inserted for a tight fit with no machining and little play.
Figure 3.5: CAD as-built model of aluminum needle roller bearing clevis mount assembly
3.4.4 Mirror Support
The mirror support built in conjunction with the solar receiver was made primarily out of wood
and aluminum 6061-T6. The wood was cut on a laser cutting CNC machine in order to match
the curvature of the parabolic mirror. The four pieces that adhere to the curvature of the mirror
give adequate support to be held in place. The advantage to this design is that it is lightweight,
inexpensive, and can be rapidly built on the laser cutter. The hole pattern on the wood mirror
support (see Appendix D.4) is for wood screws and bolts to attach the wood to the beam in
compression. The compression of the focal couple aluminum blocks that lie in between the
mirror support allow the focal arm to be clamped down and reduce the shear on the two bolts
that attach the arm to the structure. The two blocks of aluminum support both the focal arm
and receiver (see Figure 3.7). Since the focal arm sees mostly bending stress from the moment
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Figure 3.6: Section view of clevis mount assembly showing bearings and hex bolt
created by the receiver, it was designed to have minimal deflection with the height of the arm
being much greater than the width. More design improvements could be made with the mirror
support; however, it is out of the scope of the solar tracker aspect of the project. Additional
analysis, such as a finite element analysis, could be done to verify the structural rigidity during
adverse wind conditions. The hardware that allows for the mirror structure (clevis mounts
and connecting linkage arm) to be attached to the tracker, however, went through a number of
design revisions to increase structural rigidity.
3.5 Analysis
The analysis of the tracker consisted of wind load force calculations and testing of the accuracy
and repeatability of the system. The wind load calculations were done in MATLAB (see
Appendix B.4). These load calculations showed the reaction forces on the linear actuators
with a constant wind load. From this analysis, one can see the performance gain of the low
profile design over existing trackers, due to its ability to disperse the load through two points
of connection. It also allowed us to see if our design would be able to withstand these external
forces and if stronger parts were needed at areas of high stress. The wind load capacity of the
tracker was compared to typical single pole tracker designs where there are high reaction forces
on critical parts.
Another main design criteria of the tracker was to achieve high accuracy and repeatability.
In order to compete with the performance of various trackers on the market today, a mechanical
hysteresis and temperature response test were performed to show the performance of our design.
The mechanical hysteresis test showed the level of high precision that the tracker can obtain,
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Figure 3.7: CAD model of tracker showing the entire assembly (mirror support, clevis mounts,
and actuator assemblies
while the temperature response test showed how well the tracker can point at the Sun in order
to keep a solar receiver at steady state temperature. Results from these experiments verified
that our design and control system work to the high level of accuracy and repeatability needed
for CSP systems by being able to focus the focal point into a small aperture.
3.5.1 Accuracy and Repeatability
The accuracy and repeatability of our system can be quantified by the results of the mechanical
hysteresis test. The test was performed with a laser pointer mounted onto the structure. The
experiment was based on positioning of the tracker orientation manually and cycling through
various positions to measure the angular error in precision. The following results from the
test are tabulated in the table below. These results show how precise the tracker points as it
approaches the position from different paths. The tracker can therefore successfully orient itself
precisely using open loop control. The closed loop control was analyzed through a temperature
response test of a solar receiver. The temperature response can be seen in Figure 3.9, with
a steady state temperature of about 690◦C. This temperature was successfully maintained
over the course of about four hours with the hybridized control system (see Chapter 5). The
verification of these tests show that the dynamics of the mechanical system can be success-
fully controlled and the actuation method has the capacity to be very precise when used in
conjunction with CSP.
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Figure 3.8: Experimental setup of the mechanical hysteresis test showing the resulting angular
error
Hysteresis Results n=8
Mean 0.05 ◦
Max 0.14 ◦
Standard deviation σ 0.05 ◦
Table 3.1: Results for mechanical hysteresis test
3.5.2 Loads
A force analysis was done using a mathematical model in MATLAB (see Appendix B). This
model is able to calculate the reaction forces on the linear actuators. The analysis is set up
by calculating the static load on the actuators from the weight of the mirror structure and by
applying a 40 meters per second wind load coming from the south. The wind load is reduced
to a resultant force focused at the center of pressure of the dish and is composed of the lift
force. The results from this simulation can be seen in Figure 3.10. The maximum force on the
system occurs on the back actuator when the dish is pointing straight into the wind. The point
of comparison on the single pole design is at the base of the pole where the reaction force is
very high due to the large bending moment the wind induces on the structure. Our tracker’s
low profile design and two points of connection experience much lower reaction forces, allowing
for the use of less robust parts.
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Figure 3.9: Temperature time response of the receiver
3.6 Results and Verification
The development of the mechanical system involved machine design, force analysis on critical
parts, and analysis of the dynamics of the system. The clevis mount development went through
various designs and utilized form synthesis principles. Designing for uniform stress patterns
were used in the boss extrude on the bottom block of the clevis mount to remove shear and
bending stress on the bolt that holds the assembly together. The clevis design proved to be
structurally stable with very little play in areas where tolerance is an issue, such as the bearing
housing and shaft fits. The testing of the mechanical precision was verified with the hysteresis
experiment, and the system was shown to be controlled successfully with the temperature
response test.
33
Figure 3.10: Reaction forces on linear actuators when subject to a 40 mph wind load compared
to single pole design.
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Chapter 4
Electrical System
4.1 Background
The electrical system of the tracker provides power for actuation as well as a means to sense
the Sun’s position relative to the tracker. Electrical components and actuators on solar trackers
should be low power in order to maximize net power production from the solar energy system.
It is also desirable for the electronics system to be power limited and low voltage (below 91
volts in California) [2]. Designing a system around low voltage not only reduces the risk of
injury/fatality, but is subject to less regulation than standard higher voltage power systems.
The electrical system can be divided into three subsections: power/actuation, logic, and
sensing. Each subsystem converges at a microcontroller, which is responsible for controlling the
tracker based on various conditions and inputs.
4.2 Subsystem Requirements
4.2.1 Power Requirements
The power/switching components consist of motors and the switching components that provide
current to those motors. The motor controller should be capable of controlling the motors in
both forward and reverse operation (clockwise and counter-clockwise depending on orientation),
and should consume as little power as possible. Motor controllers must also have sufficient EMF
protection as they are driving an inductive load.
Motors are the principal source of actuation in the tracker, all positioning and movement in
the system is derived from the rotation and torque provided by their shafts. The motors should
meet the low voltage requirement, and the torque requirements of the mechanical system while
consuming as little power as possible.
4.2.2 Sensing Requirements
Integrating a closed loop control system requires a sensor. The sensing system should provide
information to the microcontroller about the orientation of the tracker relative to the sun.
Signals from the sensor will therefore be used to not only determine if the tracker is oriented
properly, but to what degree the tracker should adjust itself. Ideally, the sensor should have
a linear behavior capable of detecting small differences in orientation. If a closed loop control
system is to be used, it is also necessary to know the position of the linear actuators at any
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given time.
4.2.3 Logic
The logic system is ultimately responsible for coordinating the movement of the tracker based
on temporal conditions and sensory input. It should therefore have the ability to interpret date
and time information, as well as current/voltage signals from the sensing system. In turn, it
should be capable of controlling the motors.
4.3 Options and Trade-Offs
4.3.1 Motor Trade-Offs
In using leadscrew linear actuators, electric motors are the obvious choice to provide a rotational
input, which by way of lead screw and slide is translated to horizontal displacement. Electric
motors can be broken into two categories: AC motors and DC motors. AC motors are generally
much larger and require expensive power electronics to control. Table 4.1 lists three of the most
common types of DC electric motors with some of their pros and cons. There are naturally
tradeoffs that come with each type of motor (the Brushed DC motor is relatively cheap, but
contains consumable parts that eventually need to be replaced). Additionally, all but stepper
motors are velocity control motors, meaning position of the shaft is controlled indirectly through
a time integral and known motor transfer function. Utilizing a velocity control motor in a
position control application requires combining the transfer function of the motor to that of the
plant.
Motor Type Pros Cons Control
Brushless DC
High Efficiency Requires Controller Velocity
Long Lifespan Cost
Low Maintenance
Brushed DC
Low Cost Maintenance (brushes & commutator) Velocity
Simple speed control Medium Lifespan
Stepper
Precise Positioning Requires Controller Position
High Holding Torque Power consumption at standsitll
Table 4.1: Pros and cons of several types of DC motors
While it is possible to derive a transfer function that describes the plant, it would be highly
non-linear (as evidenced by the plant’s non-linear equations of motion as shown in Equations
3.1 and 3.2). Controlling in position space is therefore desirable since no such transfer functions
are necessary. Additionally, because the tracker moves slowly, it should be possible to dismiss
plant and motor dynamics.
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Stepper motors (”steppers” for short) operate based on the principles of Faraday’s Law, just
as all electric motors. Steppers have multiple fixed coils, and a rotating ferromagnetic shaft.
By energizing a given coil, or set of coils, the shaft will orientate itself towards the energized
coil; so long as that coil is energized, the shaft will resist any change in orientation–this is the
motors holding torque. The first set of coils can be de-energized, and a set of adjacent coils
can be energized to make the shaft move. This discrete movement is known as a step. Stepper
motors are often classified by the number of steps in a single revolution of the shaft. The more
steps a motor has, the more intermediate positions it has, higher positioning resolution.
Figure 4.1: A simplified bipolar stepper motor diagram [3].
Stepper motors can be further broken down into two categories: bipolar and unipolar.
Bipolar steppers are categorized by having four leads (corresponding to two sets of coils),
where as unipolar stepper motors have more than four leads (and more than two sets of coils).
Bipolar motors require a more complex switching circuitry as current must be able to move in
either direction through a given coil. This need is mitigated in unipolar configurations through
introduction of more coils and/or center-taps on existing coils. It is possible to use a unipolar
motor in a bipolar setup by connecting coils in series or parallel.
A unipolar stepper motor’s holding torque is increased with series and parallel combinations,
because a larger number of total coils are energized at any given time. The differing responses
of the series and parallel configurations are due to changes in the coils new effective resistance
and inductance. Figure 4.2 shows the torque curves for a unipolar stepper motor in un-modified
series, and parallel configurations. A changing of the effective coil resistance will also change
the voltage and current requirements of the motors, which can in turn affect choice of motor
controller.
The stepper motor chosen for the tracker application was the Lin Engineering 5718X-05E,
capable of providing approximately 0.45 N-m of torque in a unipolar configuration. This motor
was chosen because it was estimated that the linear actuators would require approximately 0.42
N-m of torque to actuate properly. With the motor configured in a bipolar configuration, it is
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Figure 4.2: Generalized response of a unipolar stepper motor with motor windings in series
& parallel configurations.
capable of providing 1.41 times its rated torque, affording the actuation system a safety factor
of roughly 40%.
4.3.2 Motor Controller Trade-Offs
The motor controller is responsible for controlling current to the motors. The controller receives
switching commands from the microcontroller, and using semiconductors (typically MOS or
BJT transistors) controls the direction and duration of current flow into the motors’ coils. To
vary the direction of current flow in a motor application, H-Bridges are typically used. An H-
Bridge consists of four switching components wired in a characteristic ”H” shape with switching
components on each leg and with the load straddling them. By switching diagonally opposite
transisors simultaneously, the direction of current can be changed through the load as show in
Figure 4.3.
Many hobby and professional grade stepper drivers are available for less than $100. Most
drivers will accommodate two stepper motors and have full H-Bridges so bipolar motors can be
used. Differentiation comes in their voltage and current ratings, micro stepping resolution
(a method in which many smaller poles are induced by varying the voltage multiple coils
simultaneously), efficiency, and maximum speed ratings. Control of the motor controller is
typically handled through multiple digital logic connections.
The Adafruit Industries motor controller was the chosen motor controller. Based on two
Texas Instruments L298D H-Bridge ICs, it is capable of driving two separate unipolar or bipo-
lar stepper motors simultaneously. In addition, Adafruit driver is a ”daughterboard” for the
Arduino microcontroller, meaning the controller PCB mates with the Arduino’s input/output
pins. Lemor Fried, who designed the motor controller, also wrote extensive C libraries for the
controller that are compatable with the Arduino Microcontroller.
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Figure 4.3: Direction of current through a load can be changed based on open/closing diago-
nally opposite switches [17]
4.3.3 Sensor Trade-Offs
For closed loop control, optical sensors must be used to provide feedback as to the trackers
orientation relative to the Sun. Photodiodes and photoresistors are discrete components often
used in optical sensing applications. A photoresistor changes resistance in response to changing
light intensity, whereas a photodiode changes the amount of current flowing through it based on
light intensity. Table 4.2 outlines some of the performance differences between a commercially
available photodiode and resistor. Generally speaking, photodiodes have a larger range, and
faster response time.
Device Photoresistor Photodiode
Part # GL5528 BPW21R
Range 0 to 100 lux 0 to 106 lux
Response Time 55 mS 3 uS
Operating Temperature Range -30 to 75 C -40 to 125 C
Table 4.2: Optical sensor comparison
To create a meaningful output based on the Sun’s position, additional circuitry is needed
to translate a varying resistance or current into a voltage, which can be read by an ADC.
Regardless of the sensor used, the accompanying circuitry should have a full scale output equal
to that of the ADC’s input.
4.3.4 Microcontroller Trade-Offs
The Arduino is a microcontroller prototyping platform built around the Atmel AVR series
chips. The AVR chips are available in varying packages and system parameters and can be
programmed in C and Assembly languages. The Arduino combines the Atmel AVR chips with
39
the necessary power regulation and serial communication and integrated ADC. Additionally, an
IDE (Integrated Development Environment) exists for the Arduino, taking much of the work
out of compiling and uploading code to the chip.
Arduino offers multiple prototyping platforms, but the two most common are based on the
ATmega328 and ATmega2650. The chips differ primarily in their number of IO ports and
amount of non-voliatle flash memory used for program storage.
As mentioned in Section 5.4.1 it is also necessary to have date and time information if the
sun’s azimuth and elevation is to be calculated. To keep accurate date and time information a
low-power, battery operated clock must be employed. Real Time Clocks (RTC)are lower-power
digital clocks used in computers and other electronics to keep date and time information even
when the device is powered down. The Dallas 1307 is one such RTC, and is commonly found
on computer motherboards. A single 3.3 volt coin-cell battery, can keep the clock powered for
up to 15 years. The 1307 uses the I2C protocol for serial communication.
4.4 Detailed Design Description
The Arduino Mega is based upon the ATmega2850 chip and was the microcontroller of choice
in construction of the solar tracker. The Mega was chosen for its 16 analog inputs, 54 digital
IO ports, and 256 KB of flash memory for program storage. Detailed specifications on the
Arduino Mega can be found in Appendix A.1. The Adafruit Industries motor controller was
selected based on earlier, smaller prototypes of the tracker, which also used smaller stepper
motors. The L293D chips are capable of supplying 0.6 A maximum per phase, well below the
needed 2 Amps for the larger stepper motors. By the time the current inadequacy of the motor
controller was realized, the majority of the C code had already been written and tested, and
made extensive use of the AFMotor and AccelStepper control libraries. Instead of having to
find a new motor controller and modifying the source code for potentially different libraries, an
additional H-Bridge circuit was built from power MOSFETs to handle the higher currents of
the stepper motors.
The additional power switching circuit was built atop perfboard with screw down connectors
to interface with motor leads and the motor controller. With the new power switching circuit,
the Adafruit controller effectively only provides a switching signals. Figure 4.4 shows the
completed quad H-Bridge circuit.
The photodiodes were mounted in the laser-cut sensor assembly shown in Figure 2.16 and
Cat-5 ethernet jacks were used to provide connectivity to the electronics enclosure. To provide
an output for the ADC, high precision 5k resistors were used to produce a voltage drop within
the 0-5 volt range of the ADC. The optimal resistance of these resisters was found experimentally
with the sensor assembly under full sun conditions. With the two photodiodes equally shaded
by the shade structure, different resisters were inserted until a voltage drop of approximately
2.5 volts was achieved (corresponding to 0.5mA of current through the diode). The 2.5 volt
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Figure 4.4: A quad H-Bridge constructed of power MOSFETs
target was chosen because it is the midpoint of the ADC, meaning there is equal room for the
voltage to rise or fall without saturating or zeroing-out the ADC.
It was determined that position feedback for the linear actuators was unnecessary, since
the motor controller and microcontroller could keep track of the motors current and desired
position in memory (provided that no steps were skipped and no loss of power). For this to be
an effective method, the stepper motors must first have a reference. A limit switch was installed
at the end of each actuator. When depressed, a electrical signal is sent to the Arduino and a
new datum point is set. One of the limit switches can be seen in Figure 4.5.
Figure 4.5: A limit switch used in setting the actuator datum upon startup
The Dallas 1307 RTC was soldered onto the circuit board that receives signals from the
limit switches and optical sensors. A single ribbon carries the solar sensor voltages, limit switch
lines, and the RTC data bus back to the microcontroller as seen in Figure 4.6.
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Figure 4.6: The RTC (in red) and resistor networks for the limit switches and optical sensor
4.5 Schematics
The new power H-Bridges were designed using the IRFZ44 and SMP20P10 N and P MOSFETs;
their data sheets can be found in Appendices A.5 and A.4, respectively. The selected MOSFETs
were chosen for their integrated back-EMF protection diodes and maximum 10 A rating (giving
a safety factor of rougly 5 for the 2 A stepper motors). Each H-Bridge is built using two logic
inverters, comprised of a P and N MOSFET in series. This configuration is called an inverter
because when the gates are pulled low (to ground), the output is pulled high (to VDD), and
vice versa. Figure 4.7 shows the schematic for a single inverter.
Figure 4.7: A logic inverter used in one half of an H-Bridge.
The 6.8k resistors between each pair of gates and ground serves to keep the gate voltage
from floating. Without this resistor, both MOSFETs will open, resulting in an effective short
to ground.
As stated in Section 4.4 the optical sensor is constructed from photodiodes and precision
resistors. Optimal resistor values were determined experimentally and connected in series with
the photodiodes. The high side of each resistor is connected to the Arduino’s ADC to measure
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the voltage drop across the resistor, which is determined by the current passing through the
photodiode. Figure 4.8 shows the circuit diagram for the optical sensor and accompanying
resistors. This configuration gives the Arduino four voltage measurements from which two
voltage differentials can be calculated, one corresponding to 2-DOF.
Figure 4.8: Optical sensor schematic.
4.6 Results and Verification
4.6.1 H-Bridge
Prior to soldering the H-Bridge to perfboard, the circuit was prototyped on a breadboard and
tested with 1kHz square wave. Figure 4.9 shows the input and output waveform. The inverter
circuit operated as intended, and soldering of the full quad H-Bridge circuit was completed. A
break-in test was then conducted with the stepper motors in which they were commanded to
rotate at 60 RPM for over two hours. The motors operated nominally, and while each power
MOSFET was outfitted with a heat sink, no discernible temperature rise was noticed.
4.6.2 Optical Sensor
The optical sensor was mounted to a tripod and tested under full sun conditions. Voltage
readings were taken from each resistor, and voltages from opposing Azimuth and Elevation
resistors were subtracted to find their difference. The orientation of the sensor was adjusted
until the two voltage differentials were approximately zero, indicating an equal amount of
current flowing through each photodiode and correspondingly equal illuminance. The photo
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Figure 4.9: Test of MOS inverter circuit with 1kHz square wave
sensor was then inspected visually, and the shadow cast by the shade structure appeared to be
casting an equally partial shadow across all four photo diodes.
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Chapter 5
Control
5.1 Background
At the heart of the solar tracker is its control system. The control system is ultimately respon-
sible for ensuring the tracker is pointed at the sun, ideally with a high level of accuracy and
precision. Many methods of control exist for solar trackers, but the decided upon and designed
system should strike the balance between robustness, cost, and accuracy.
5.2 Subsystem Requirements
5.2.1 Accuracy Requirements
As stated in Section 2.4, commercially available trackers typically have 1◦ pointing accuracies.
To be competitive with existing trackers, and meet the accuracy set forth in the PDS the control
algorithm must be capable of sub 0.5◦ control.
5.2.2 Communication Requirements
For debugging and development purposes, the system should have a means by which to out-
put (display) information to a user. Serial communication capabilities are incorporated into
most microcontrollers, and provide a convenient means for event based or periodic notification.
Additionally, the system should be capable of communication with various sensors, integrated
circuits, and electronics.
5.3 Design Options and Trade-Offs
5.3.1 Open versus Closed Loop Control
Solar trackers typically use either open or closed loop control. Open loop control is characterized
by lack of feedback or sensory input about a system’s current state. By contrast, closed loop
control uses sensory information about a system’s current state to make decisions or adjustments
to the system.
Open loop control is typically cheaper than a closed loop system and is easier to implement.
A simple open loop control for a solar tracker calculates the position of the sun (or approximate
it from a look-up table) and then adjusts the tracker to said position. Such a system can be
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simple and inexpensive, because there is no need for sensing electronics or development of
control logic.
The primary downside to open loop control, however, is that the system has no way of
knowing if its actually on target. Installation misalignment, erroneous time & date information,
wear on mechanical parts, and mechanical backlash are a handful of possible sources of error
that could result in misalignment with the Sun.
With closed loop control, such alignment errors can be effectively eliminated through sensory
feedback. Closed loop systems are not without problems, however. Electrical sensors can be
susceptible to noise, and there are scenarios when such a system could misalign the tracker
significantly with the sun. A potential example of this might be with the passing of a cloud;
it’s conceivable that a cloud could pass overhead covering the sun (effectively eliminating DNI)
so that the brightest spot in the sky becomes an area on the periphery of the cloud. With the
sun exposed again, the tracker would spend time moving back into position to lock back onto
the sun. Time spent moving the tracker into position is lost energy production and thus lost
revenue.
5.3.2 Hybridized Control
Hybridized control combines open and closed loop control to create a more robust tracking
solution. It was decided that such a control system was potentially advantageous in a solar
tracking solution for a handful of reasons. By having two pieces of information–where the sun
should be (open loop) and where the brightest point in the sky is (closed loop)–a more robust
control algorithm could be designed.
5.3.3 Microcontroller Limitations
The computational limitations of a controller cannot be overlooked, especially when high accu-
racies are called for. The variation of C used on the Arduino uses multiple types of numerical
variables, each with their own limitations. Floating point numbers are the only variable type
that allow computation of decimal numbers. The Arduino’s floating point numbers are stored as
32 bits of information and are limited by 6-7 decimal points of precision (not the same as digits
to the right of of the decimal). While 6-7 decimal points of precision can provide high accuracy
in some applications, non-linear computations (exponential and trigonometric operations for
example) have the potential to. Furthermore, math operations with floating point numbers are
more computationally intensive than those with integer numbers and can slow down a program
loop.
5.4 Detailed Design Description
As designed, the control system is a hybrid control system, integrating both open and closed
loop elements. RTC provides date and time information, which, when combined with latitude
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and longitude of the tracker’s location, the position of the sun can be calculated. The calculated
position is treated as an estimation of the sun’s true position and is used in coarse positioning
of the tracker. Knowing the approximate location of the sun, the tracker will move towards
the estimated location of the sun. Once the tracker is within an acceptable error limit (an
acceptable angular error between the trackers position and the solar position estimation), the
tracker switches to closed loop mode to provide accurate tracking of the sun.
By combining open and closed loop strategies, the tracker can position itself on the horizon,
anticipating sunrise even when the sun is still below the horizon (open loop strategy). In
closed loop mode, the estimated solar position is used as maximum deviation bound, meaning
the tracker is free to orient itself to the brightest spot within the allowable deviation window.
Figure 5.1 shows the high level control logic in flow chart form.
The closed loop positioning system provides large potential installation cost savings. A
tracker misaligned from true South, and/or on an incline, can still track the sun without any
need for code adjustment or configuration, reducing or potentially eliminating the need for
expensive grading and concrete foundations. The final version of the hybrid control source code
can be seen in Appendix B.
Figure 5.1: Logic flowchart for the final control algorithm
Use of PID control was briefly explored but quickly abandoned in light of the highly non-
linear equations of motion (Equations 3.1 and 3.2). Various control methods exist for highly
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non-linear systems such as fuzzy logic and adaptive control. It was decided that the dynamics
of the system could be ignored because of the slow angular velocity of the Sun across the
sky (the maximum possible angular velocity of the sun is 0.25◦/m as shown in Section 1.2.
Moreover, use of a lead screw to drive the actuator slides makes overshoot difficult as the forces
needed to back-drive the lead screw are avoided through implementation of controlled stepper
deceleration.
5.4.1 Solar Position Algorithm
Using date, time, and latitude and longitude information, the Sun can be calculated using
the process and equations in Appendix D.3. The equations therein are arduous, and the high
number of floating point number computations can significantly affect the speed of the Arduino’s
16 Mhz processor.
Instead of implementing the equations exactly as outlined in Appendix D.3, an open-source
implementation of those equations that uses multiple look-up tables was incorporated. The
algorithm used in the code was written by Gabriel Miller of www.cerebralmeltdown.com. The
code was released under the Creative Commons Attribution-Noncommerical-ShareAlike License
[7].
5.4.2 Sensor Input
The Arduino ADC measures the voltages across the four precision resistors mentioned in Section
4.4. The 8-bit ADC values are converted to voltages, and opposing voltage values are subtracted
from one another in the code. If both voltage differentials are zero, or approximately zero, the
solar sensor is normal (or nearly normal) to the Sun. Through trial and error, a maximum
allowable differential of 0.25 V was set. This means that when the voltage differential exceeds
0.25 V, the tracker will adjust itself in 0.25◦ increments until the differential is below the 0.25
V threshold.
It took several combinations of differential thresholds and movement increments to prevent
the system from oscillating on a regular basis.
5.4.3 Stepper Motor Control
The stepper motors are controlled using the AccelStepper and AFMotor libraries written by
Lemur Fried. Upon startup of the tracker, datum points are set on both actuators by running
them until limit switches are hit at each end. Knowing the length of the actuators, lead of the
threaded rod, and number of steps in a full rotation of the stepper motor, the zero point is set
for each actuator.
The motor is then commanded to rotate the desired number of steps at a given speed. The
motor will accelerate and decelerate automatically at a rate specified in the preamble of the
code.
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5.5 Analysis
Several tests were performed prior to full hybridized control testing. Calculation of the Sun’s
position using the open-source algorithm was compared to results provided by the US Navy
Astronomical Applications Department [6]. Angles provided by the RTC and open-source
solution were within 0.5◦ value provided by the Navy’s calculation.
The Arduino implementation of the actuator space to azimuth/elevation space calculations
was compared to the MATLAB version of the calculation (which utilizes double floating point
precision numbers and thus, provides for significantly higher accuracy). Differences were negli-
gible.
Finally, the tracker was setup in an open loop mode in which it was commanded to various
azimuth and elevation angles using serial communication with a computer. The tracker was
commanded to several different azimuth and elevation combinations, and the angles were verified
approximately using a protractor.
With the combination of these three sets of tests, all positioning and open loop functions
were verified. The last set of tests necessary to verify the tracker operated as intended was the
full integration of sensing system.
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Chapter 6
System Integration and Testing
Integrating the electrical, control, and mechanical aspects of the project required much coor-
dination. Information about the mechanical system was needed, such as tracker geometry and
torque requirements, in order to engineer the right electrical system and control system. In or-
der to make best use of the limited time available for designing and building the solar tracker,
the project was divided into mechanical, electrical, and computation systems. The mechanical
system required a detailed CAD model and drawings for construction. The electrical system
needed to be sized to provide enough electrical power to actuate the system. The control system
was designed to have a certain desired accuracy. Building these systems separately required
coordination for construction. In order for testing to be done on the tracker, the construction
phase had to be executed in a timely manner. To make sure the system would operate as
planned, the mechanical system design and construction was prioritized. The electrical and
control aspects of the project were designed to be integrated with the mechanical system.
Before the final design for the tracker was chosen, the ability to control it needed to be
evaluated. Because of the new design’s unique geometry, the team had to see if it was possible
to control it. Once the geometrical relationships in the design were evaluated and determined
controllable, the design was chosen for further development and implementation. A smaller
scale prototype was constructed to facilitate electrical and code testing (see Figure 6.1). These
earlier phases of development relied upon rapid construction of the mechanical system, so that
the large scale prototype could be developed further. This was made possible through use of
readily available miniature linear actuators and CNC laser cut acrylic. The acrylic pieces were
used to make the clevis mounts and linkages.
For the construction phase of the final large scale prototype, machining of the mechanical
components was completed first. This included the clevis mounts which required the most
development and fabrication time. About 60 man hours were needed to machine the clevis
mounts on the milling machine. The mirror structure was developed and constructed by using a
CNC machine to laser cut the wood structure. The linear actuators were originally ordered from
PBC linear (see Appendix A Section A.8). Ordering of the shelf linear actuators manufactured
by another company would reduce the man hours necessary for machining. The parts would
also be more precise, since the company’s manufacturing process is commercialized and has
wider access to higher quality machines. However, the actuators did not arrive in time to be
implemented into the solar tracker prototype. Custom made actuators were fabricated as a
backup plan. Fabrication time was reduced by designing the actuators using 8020 aluminum
extrusions, which are widely used in custom CNC machines. Once, the mechanical system was
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Figure 6.1: Small mock up of final design for testing the tracking control algorithm
finished with construction, testing of the electrical and control subsystems was performed.
While the manufacturing of the mechanical components was made a priority during the con-
struction phase, the electrical components and control system algorithm were being developed
in parallel with construction. Electrical components such as the Arduino electronics, custom
h-bridge circuit, and photodiode sensor were designed in parallel with the other subsystems, so
that testing could be done once the mechanical system was built. Electrical wiring diagrams
were created (see Appendix C in order to make clear how the electrical system was integrated
with the other subsytems. The control system was finalized after testing and debugged after
being integrated into the other finalized mechanical and electrical systems. Once the systems
were integrated through construction and code troubleshooting, the actual testing of accuracy
and repeatability performance was conducted (see subsection 3.5.1).
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Chapter 7
Cost Analysis
The estimated total cost of our current project prototype is shown in Table 7.1. Included are
the total budget from funding, total cost of our system, and cost for each component. The
cost per part is based on our current scaled prototype, while the business plan is based on a
conservative production model. (Note: Table 7.1 does not include expenses on materials used
for previous prototypes, as well as miscellaneous expenses including uniforms, shipping and
handling, adhesives, etc.)
Our senior design project received three sources of funding: the Roelandts Grant through
the Center for Science, Technology and Society; School of Engineering Grant from the Un-
dergraduate Programs Senior Design Project Funds; and an undergraduate Travel Grant from
the Research Office (listed respectively in Table 7.1). Although not shown above, most of our
budget was spent not only on our final prototype design, but also on the previously iterated
prototypes. There were also unforeseen expenses including shipping of the parts. In addition,
Santa Clara University’s Leavey School of Business student, Oliver Glenn, developed a business
plan. Based on his research, the average cost of existing solar trackers on the market is about
$2000, with installation costs of $4000, making the total system cost $6000. Currently, our
solar tracker is priced at about $3000 with installation costs of $1500. Compared to the com-
bined selling price and installation costs of existing designs, our tracker is a cheaper alternative
by $1500. Thus, although our solar tracker is more costly as a unit, our design significantly
reduces the total cost of the system plus installation. Moreover, the current cost of our solar
tracker is an extremely conservative estimation. The selling price and break-even point does not
fully take into account the lowered price per unit based on high manufacturing and production
rates. Costs could further be reduced after contracting with a manufacturer. Having reduced
the overall cost of the system for use at the residential scale, our system helps to make solar
tracking technologies more available at the residential and consumer level. It serves as cheaper
alternative whose function and use is in a manner comparable to existing solar trackers.
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Total Budget
Total Funding: $6650.00
Willem P. Roelandts & Maria Constantino-Roelandts Grant (CSTS) $3000.00
Undergraduate Programs Senior Design Project Funds $1650.00
Undergraduate Research Office–Travel Grant $2000.00
Cost per Part
Total Cost: $2913.97
Actuators $1981.39
Mirror $309.99
Mounting Hardware $18.02
Arduino Mega & Motor Controller $88.54
Ball Bearings & Shaft Coupling $78.91
RTC, Cable, DIP Switches, Headers, Solar Cells, Accelerometer $133.83
Aluminum Stock & HSC Components $142.85
Aluminum Stock $25.47
HSC & Motor Controller $114.97
Misc (Screws, Bolts, Washers, etc.) $20.00
Business Plan
Selling Price $3500.00
Break-Even Point (units) 87
Installation Costs $1000.00
Cost of Unit and Installation $4500.00
Table 7.1: Cost Analysis
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Chapter 8
Patent Development
8.1 Invention Description
A low cost easily deployable solar tracking unit was conceived for concentrated solar power
applications where a large and heavy dish concentrator must articulate to follow the sun’s
path throughout the sky. The benefits of the design were soon recognized to be applicable to
photovoltaic panels as well with the unique feature that the panel may be positioned in a flat,
low profile orientation. Existing trackers are mounted atop a tall structure to allow the tracking
device to have sufficient ground clearance when tracking the sun at elevations relatively close
to the horizon. This design fixes the base of the tracking device close to the ground for added
stability and support in a lower cost and more easily deployable package.
8.1.1 Technical Features – Advantages & Uniqueness
The invention is comprised of two perpendicular and coplanar linear actuators. Together these
two actuators control the azimuth and elevation of whatever device is mounted to the two
moving pivot points. This configuration is believed to be new and previously unused. The
advantage of this design is the ability to use off the shelf and low fidelity parts instead of
manufacturing specifically to the application.
The tracker supports the device tracking the sun at two points for added structural stability
over most other trackers, which typically attach at a single pivot point. However a large moving
base is not necessary as with other trackers, which employ a two-mount point scheme. Figure
8.1 and Figure 8.2 illustrate the tracking system with a concentrated solar power apparatus
mounted. A flat panel supporting a photovoltaic array may easily replace the solar collector,
hence the versatility of this system. Note from Figure 8.2 that by extending the actuator
attached to the base to its full length, the solar collector will lay down flat. The benefits
include the ability to lay flat in adverse weather conditions, and the possibility to be applied to
a roof mounting system for home power generation. This design includes all of the mentioned
advantages and is still able to cover the entire range of the sun’s movement (see Figure 8.3).
The most common two axis tracking systems currently in use are a single pole driven into
the ground with a drive unit coupling the pole to the tracking unit. To install the pole, an auger
must be used and can only be installed in climates where the soils will support a heavy post set
in with cement. Installation requires considerable work from a civil engineering standpoint as
the pressure distribution for a pole in the earth is complex even for simple lateral and axial loads
from wind. The single drive unit rotates at the top of the pole about a central point. Multiple
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sets of gears are used and must be capable of handling very large moments and loads. These
gears are heavy duty pieces of equipment, and are often fitted with heavy counter balances.
In contrast, our design requires only light anchoring into the ground due to its wide base and
efficiently deals with moment loading from the geometry of the design.
Figure 8.1: Overview of concentrated solar power tracking unit
8.1.2 Possible Variations & Modifications
One possible variation on the invention currently being investigated is the possibility of mount-
ing multiple panels on a single unified grid system to be driven with a single pair of drive units
(see Figure 8.4). The arrays would then be considered a single modular deployable unit driven
by only one central location. This would save on cost by reducing the total number of com-
ponents and save on power requirements to drive the system by reducing redundancies. The
scale of this variation is as large as megawatt size photovoltaic arrays for utility scale power
production.
8.1.3 Competing Technologies & Current Solutions
The solar tracker is a well-known device, which is essential for any concentrated solar power
application and greatly improves performance of photovoltaic devices. This invention adds the
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Figure 8.2: Side view of concentrated solar power unit
benefit of easily produced parts and fewer parts and a wide base that does not require an auger
and cemented post for installation. Wind forces are currently an issue with mounting a tracking
dish or PV panel atop a pole driven into the ground. In no case can such a system be regressed
for self-preservation without disassembly and storage. The proposed design may autonomously
lay down flat to strong winds. For photovoltaics specifically, this presents opportunity to have
roof mount panels which track the Sun without adding any risk to the roof itself in adverse
weather conditions. Patents for existing two axis trackers include US 7,884,279 B2; US 7,799,987
B1; US 2010/0282243 A1; US 2010/0024861 A1.
8.1.4 Commercialization Possibilities
Calculated designs exist for the concentrated solar power application, and a prototype has been
fabricated for a lab scale concentrated solar power unit. A small mockup prototype has been
built for proof of concept.
For concentrated solar power applications this system can be used on large-scale commercial
and residential units as well as small-scale (lab scale) units. Large-scale units include dish
collectors up to 100 square meters in collector area and are used primarily for renewable power
generation. Small-scale (lab scale) units are solar collectors that can be easily stored in a room
and transported to test sites. For photovoltaic applications the system offers the possibility to
roof mount solar panels, which may track the sun. The system also provides more support to
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Figure 8.3: Coverage area of solar tracker. Shaded area represents all possible combinations
of elevation and azimuths for a particular geometry. The solid line and dashed line represent
the Sun’s path at summer and winter solstices respectively
a photovoltaic module than any currently produced system and offers the ability to retract to
a low profile flat position for adverse weather conditions.
8.1.5 Key Dates
• Date of initial idea: 7/25/2011
• Date of conception (when all the essential elements of an invention were formed in the
inventors mind): 9/17/2011
• Date first reduced to practice (first successful demonstration of the invention): 2/5/2012
• Date and venue of first public disclosure (date and venue of proposal or manuscript
submission, date and venue of conference presentation, date and venue of electronic or
web postings): 4/21/2012
• Date and venue of any future public disclosures (date and venue of future, planned pub-
lications, conference presentations, etc.): 6/6/2012
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Figure 8.4: Possible roof array of solar panels on a unified grid system
8.2 Summary of Patent Classifications
The design of our solar tracker falls under several patent classification classes, which include
but are not limited to: D13, 126, 194, 250, and 388 [4]. Generating electricity through use of
the Brayton cycle, the solar tracker classifies under Class D13, which applies to equipment for
production, distribution, or transformation of energy. Class 126 for stoves and furnaces applies
because it generally includes any apparatus for the application of heat. Due to the control
algorithm and use of the linear actuators, Class 194 for check-actuated control mechanisms
applies. In addition, Class 250 applies to all radiant energy systems, including apparatus for
using, generating, controlling, or detecting radiant energy. The motor control system classifies
the tracking system under Class 388 for electricity: motor control systems.
8.3 Review of Recent Patents
Our team has devoted much time to researching existing products through patent searching
and company inquiry. As in any design process, it was vital for us to discover what similar
products have already been created. We looked at each design we found, both past inventions
and currently used products, and evaluated the positive and negative aspects of each. Among
the patented designs we found, all were similar in their purpose but varied slightly in their
design. The existing solar trackers differed in size and used PV panels instead of concentrated
solar dishes. We looked closely at the actuation types used in order to determine what would
be best for our own design. In addition, existing designs all varied in base structure. We
found that many possibilities existed for choosing the base depending on factors of stability
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and movement of the solar tracker; the base could range from a single leg planted into stable
ground to multiple legs for above ground stability. The following are brief reviews of selected
patents found (see Summary of Patents in Appendix E.4 for more information).
8.3.1 Patent No.: US 7,884,279 B2
This two-axis tracker, capable of withstanding extreme weather conditions, uses a photovoltaic
solar array and two actuators. The PV panel is mounted on a frame, which is connected to
a base. Also connected to the base is a pivotal frame that allows one actuator to control the
elevational movement and the other actuator to control the azimuthal movement of the solar
array. The solar tracker may be raised or placed in a stowed position. This patented design is
similar to our design in its use of two actuators that control both the elevation and azimuthal
position of the panel. This design also keeps in mind the need to withstand adverse weather
conditions. This design can be placed in a stowed position when not in use, while ours achieves
a low profile by laying flat. In addition, this design was built in a way that makes shipping and
transportation easy by collapsing the parts into a compact position.
Figure 8.5: Patent No.: US 7,884,279 B2
8.3.2 Patent No.: US 7,799,987 B1
This is a unique design of a solar tracker that uses an elongated tube. Although held in a vertical
position when not in use, the tube is made of material that serves as an easily bendable mounting
surface support for photovoltaic panels. The solar tracker is able to bend by contraction and
expansion. More specifically, it uses water to cause capillary action to control the growth or
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shrinkage of the outer surface material. This design is extremely different from our design; it
works much like a flower that follows the course of the sun throughout the day. The material,
structure, and positioning method are all different from our design of a solar tracker. We noted
this patented design as a unique idea. Although we did not incorporate much of its features into
our own design, we did like its ease of shipping and transportation due to its simple structure.
Figure 8.6: Patent No.: US 7,799,987 B1
8.3.3 Pub. No.: US 2010/0282243 A1
This invention is of a two axis solar tracker that uses stepper motors and lead screw actuators
to move the entire structure (not just the panels). Having two degrees of freedom, this system
focuses on structural support, reduced wind loading, easy maintenance, low cost, and less
complexity. Our solar tracker design also uses stepper motors and lead screw actuators. Also,
our system also focuses on having a stable foundation, reducing wind loading during adverse
wind conditions, and reducing maintenance and cost. However, our design is different in that
we use the two linear actuators as the base. Hence, our base does not move but the position of
the solar panels or dish are controlled by moving the shuttles of the actuators.
8.3.4 Pub. No.: US 2010/0024861 A1
A unique design of a two axis solar tracker is shown in which the supporting system for the
solar panels can move entirely around a circular track. A structure, which supports and rotates
the panels, extends out to the running track and is kept on that track via small wheels. The
structure rotates about a fixed central point. Based on this publication, our group considered
having the structure rotate on a circular track. However, we decided to use two linear actuators
instead in order to reduce sweep volume, the number of parts, and to achieve a low profile.
Because of the T-configuration of the linear actuators, our design does not rotate about a fixed
center point.
In addition to patent research, our team researched existing companies that design, sell,
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Figure 8.7: Publication No.: US 2010/0282243 A1
Figure 8.8: Publication No.: US 2010/0024861 A1
and install concentrated solar trackers. We found that most use PV panels instead of solar
dishes. Several of the companies provide installation services for their products in residential
and commercial areas. However, their product is still rather costly and not popular among
residential communities. Since installation is expensive, their primary customers are businesses.
As a result, the information we gathered on existing products was used in determining what
was necessary to include in our own product design. With the goal of generating more energy
and lowering system cost, we hope that our design makes concentrated solar tracking more
available to residential and commercial consumers.
8.4 Patent Application
After the reception of our product over the course of the year, at the EPA P3 National Sustain-
able Design Exposition, and at the Senior Design Conference, the team believed our design has
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unique features which are patentable. On April 18, the team decided to file for a preliminary
patent (61/635239) to ensure that the public disclosure deadlines were met for the conferences.
In the patent application we claimed that our tracker has a low-profile and hybridized control
which reduces the cost of the overall system. The patent application can be found in Appendix
app:patent.
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Chapter 9
Engineering Standards and Constraints
Santa Clara Universitys commitment to sustainability has had great importance in relation
to the environmental responsibility of its students. We are constantly seeking ways to reduce
our use of non-renewable resources and minimize pollution so as to ensure a brighter future
for subsequent generations. As engineering students, our innovative approach to the design
of our senior project is aimed at benefiting the globalizing world. This means focusing on an
issue locally before moving onto a global outreach. However, with developing new technologies
comes a need to evaluate the impact of our decisions. Not only must we consider the impacts of
sustainability, environmental protection, economic, and social development, but we must also
take into account manufacturability, and health and safety. In addition, it is also important
to analyze the moral and ethical questions that may arise pertaining to each of these impacts.
Thus, the evaluation of our project is not only based on its design and construction, but also
impacts communities globally.
9.1 Manufacturability
We would like to increase the simplicity of our solar tracker design compared to other solutions
by using readily available parts that can reduce the need for fabrication. Assembly and mass
production are easily achieved through the use of off-the-shelf parts of commonly used/found
materials. Only standard machining is required since the precision dimensions and tolerances
of each part are not as critical as for custom made, high-precision parts.
Manufacturability of our product can be a fully automated process. However, starting
manufacturing costs will be initially high due to the costs of buying all necessary materials
to mass produce our product. If the process is fully automated, we still need to ensure that
some degree of precision is maintained. In addition, since our product can be easily scaled up
or down, the manufacturing process would change slightly due to the desired size set by the
customers needs.
9.2 Social
Using solar energy technologies helps to solve the energy crisis by increasing renewable power
production. Our small scale design can be used with both PV and CSP technologies. Photo-
voltaic panels are cheaper but CSP solar dishes allow for more energy to be generated within
a smaller amount of operating space. No matter which technology is used, this solar tracker
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design can be used by residents, commercial businesses, and schools. Multiple solar trackers
can also be placed together to form an array in remote locations. These could be powered by
only one set of motors instead of individual motors for each separate solar tracking unit. In
addition, this solar tracker can be used in other countries located in regions of the world that
receive a great amount of sunlight throughout the year. This could help to generate energy in
locations were electricity is scarce.
9.3 Political
In recent years the government has played a major role in implementing laws that will aid in
encouraging the use of renewable energy. Furthering the advancement of solar trackers will bring
more interest for the government to encourage the use of solar tracking technology. In order to
get a patent for the design and possibly place our product on the market, we must familiarize
ourselves with the politics that control the outcome of the development of the product. The
patent application process has many steps that are required in order to get exclusive rights
to intellectual property. This process will determine whether or not the design is original and
patentable.
There are also laws that can restrict our product from being used by both residential and
commercial sectors. We must be able to prove our electrical and structural design can function
safely and pass tests under a variety of conditions for it to be acceptable to sell on the market.
There may be regulations that we must follow, especially in terms of installation. We must
consider aesthetics, obstruction, safety concerns, community opinions, etc. In addition, a permit
may be required before installation can take place. If the government supports the use of solar
trackers in communities, government subsidies may be issued. This would help to encourage
the use of solar trackers by both businesses and communities.
9.4 Economic
One main objective of our project is to lower the cost of our solar tracker in order to make
it a more viable option for residential and commercial markets. Costs are reduced in three
aspects: parts, installation, and shipping. Part costs are lowered by using off-the-shelf parts
rather than custom made parts. Less part precision is needed in the tolerances of each of the
individual components. Also, each part need not be as heavy or robust as in other existing
trackers. Installation costs are lowered by lessening the number of steps required for proper
installation. For many existing trackers in the market, the base commonly consists of a single
pole driven into the ground. Installation requires ensuring the soil can support a heavy post
set in with cement before actual installation work is done. In contrast, our solar tracker base
consists of a flat wooden plane. The base can simply be bolted directly onto another flat plane,
such as a rooftop or level ground. Shipping costs are also lowered in that our tracker consists
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of components that are easy to disassemble and transport.
In order to put a successful solar tracker on the market, it is necessary to have a business plan
on how the product can make a substantial profit. If we were to continue onto the manufacturing
and selling of this product, a loan would be necessary to start the product development. Our
team will speak with several manufacturing companies and work with one that is willing to
accommodate. Once production is started, the units will most likely be sold to contractors,
who will then sell it to customers. Currently, the cost of our system is valued at about $3000
with an estimated payback time of 3 years. The break-even point will be to sell 87 units. Our
solar tracker installation costs are about $1500, which is roughly half the price of installation
for other existing trackers. Our tracker will be appealing to customers due to the short and
long term financial benefits. The increased efficiency of a customers solar energy technology
will save them more money by not having to rely and buy as much electricity from the grid.
9.5 Environmental
As with any product that is made available to the market, the environmental impact of the
product and all the processes involved must be considered. Focusing on the product itself, all
of the materials used in the construction of our prototype are non-toxic, recyclable materials.
Each component is made of common, standard materials, including wood, aluminum, and steel.
These materials can be easily recycled and/or reused. At the beginning of the design process,
our team decided upon using common, easy accessible materials for parts. The materials we
chose to use for the different components of our final design are relatively easy to find and also
easy to machine. This helps to lower costs by diverting our need to purchase expensive material
parts and by requiring only simple machining that does not necessarily product high precision
parts. Our material choices proved to be extremely beneficial. Not only did it make it easier to
purchase the parts and machine them in the Machine Shop, but we can proudly say that our
project supports and promotes sustainability.
Despite the advantages of our product, the energy required to make the product and dis-
tribute it to the public must also be taken into account. In other words, we must also look
at the consequences that result from manufacturing as well as shipping and transportation of
the solar tracker. Pollution from factories and transportation vehicles is inevitable. However,
these negative impacts can be reduced. Our prototype was built with ease of shipping and
transportation in mind. Having several components that are easy to assemble and disassem-
ble allows for easier shipping and distribution. The parts used in our design are cheaper and
lighter in weight, reducing shipping charges based on overall weight. Also, the parts can be
easily shipped together as a disassembled unit or package, making transportation by aircraft
and/or vehicle much easier when transporting multiple units in one load. In being mindful of
having a low carbon footprint as a result of developing our product, it is desirable to lessen the
embodied energy of the product design process. We believe that the success of our project is
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dependent upon lessening the harmful impacts on the environment.
Figure 9.1: AC Energy recorded over the course of a year for fixed tilt and dual axis tracking
[1]
9.6 Health & Safety
Before our product is placed on the market, health and safety must be addressed before the
product is available to consumers. First, the solar tracker must be weather resistant and able
to withstand and operate in different weather conditions. More specifically, it needs to be
able to withstand high wind loads due to a factor of safety. Our current design can withstand
wind loads of up to 90 mph and has a factor of safety of 2. The factor of safety for the final
product should adhere to structural codes in order for it to be used by consumers. Second,
for concentrated solar power, the receiver is able to reach high temperatures of up to 1700
K. This can be extremely dangerous and involves proper installation and care instructions for
the users. Lastly, other smaller factors are of concern. These include taking into account the
roof penetrations and the weight of the unit on the roof, protection of electrical wiring, and
maintenance. Adherence to proper building code would have to be considered during design
and construction of the final consumer product.
9.7 Sustainability
The scientific community has come to virtual consensus that global warming is real and that it is
anthropogenic. The burning of fossil fuels are responsible for the emission of greenhouse gasses
(GHG) that contribute to climate change. To reduce production of GHGs, sources of renewable
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energy can replace the need for traditional fossil fuel for power generation. Additionally, fossil
fuels are a finite resource and it is only a matter of time until we need to transition to a
renewable energy economy. From this arose a desire to explore alternative energy options and
to successfully use other sources of renewable energy to support our way of living. In an energy
study conducted in 2010 (see Figure 9.2), it was found that renewable energy only makes up
for 8% of the total U.S. energy consumption. Of that, solar power only accounts for 1% of
the renewable energy consumption, which results in only a 0.8% contribution of solar power
energy to the total U.S. consumption of energy. The sun serves as our most abundant source
of renewable energy, and yet, solar power is not being utilized as much as it should. A growth
in solar power technologies is much needed in order for solar power usage to be widespread.
Improving upon solar tracking systems can lead to advancements that are beneficial for future
generations.
For our design, all of the components are off-the-shelf parts that are made of long lasting,
durable standard metals of aluminum and steel. The use of non-custom made parts lowers costs
of production and manufacturing. With the exception of the bearings and the lead screws, little
maintenance is required and parts are easy to repair or replace. The final product is expected
to last about 10-20 years, and is beneficial to regions of the world that receive a considerable
amount of sunlight throughout the year.
Figure 9.2: Energy Consumption in the U.S., 2010 [5]
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Chapter 10
Conclusion
10.1 Summary
Solar thermal power generation is heavily dependent on solar tracking technologies. This is
because high solar concentrations are needed to focus the suns energy to achieve the high
temperatures necessary to operate a mechanical compression power generation system. To
concentrate the suns light efficiently and direct it into a receiver, concentrating systems must
maintain high-precision orientation toward the sun. Our goal was to design a solar tracker in
which pointing accuracy and precision served as one of the primary design criterion.
Although we were not able to create the minimized sweep volume we desired, the unique
geometry and T-shaped configuration of the linear actuators allowed us to achieve a low system
profile. This is desirable during adverse weather conditions, as well as aesthetics. By enabling
the system to lay completely flat relative to the plane it is held on, wind loads on the system
are reduced during strong wind situations.
Using a hybrid open/closed loop control system, we were able to achieve high pointing
accuracies typically associated with by expensive, precision-machined components, but at a
fraction of the cost. Compounding misalignments, errors, and other mechanical deficiencies
that would traditionally result in poor pointing accuracies can be compensated for through
active error correction. This was achieved by using a set of photodiodes in a fabricated shaded
structure to sense the actual position of the sun. The control system should operate with open
loop control ensuring the tracker is pointing in approximately the right direction, and then
allowing precise alignment to be handled through the closed loop system.
This design project promotes sustainability, an aspect highly valued by Santa Clara Univer-
sity. In the celebration of 100 years of Engineering at SCU, our project reflects the engineering
excellence that is instilled in SCU students and engineering for the future. Our project aims to
serve as a solution to the energy crisis faced by our generation by making the use of solar energy
available to the greater public. From its simple beginnings to its fruitful end, the progress of
our project has reflected the values Santa Clara University instills in its students.
10.2 Lessons Learned
Having experienced the entire product design process from start to finish, our senior design team
has learned a great deal about the demands of developing a product. We did much research on
existing solar tracking technologies. We also explored several alternatives for the components to
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use in our final prototype design, including actuators, motors, and materials. We brainstormed
many possible design ideas and analyzed which aspects of our designs we wanted to incorporate
into the design of a prototype. Throughout the course of the school year, we designed and built
two prototypes before finally building the final design. Not only did we have to use various
software and machining equipment, but we also went through several design iterations after
analysis and testing.
By experiencing the entire design process from start to finish, we learned several important
lessons along the course of the year. We found that there are seemingly endless existing solutions
in the market. A solution to a problem need not necessarily be solved with a completely
innovative idea, but rather, can be comprised of a combination of existing ideas brought together
successfully. In deciding upon an idea, we realized that any given product in general will focus
on highlighting certain desired aspects. Not all great ideas can always be incorporated into one
final product; there is always room for improvement. In addition, the design process requires
several iterations of the product design. Through our experience, several CAD designs and
prototypes were necessary in order to result in our finished product. Some issues or problems
do not become apparent until the prototype is built and tested. It is difficult to fit an entire
design process into the course of a school year, but we have successfully achieved the goals we
had set for ourselves.
10.3 Future Work
After analysis and testing of our final prototype design, we have discovered several challenges
and design improvements to address those challenges. If given more time and funding, our
senior design team would design a new mirror holder that uses less material and is therefore
lighter in weight. In order to achieve a larger range of tracking the suns movement, the design of
an overhang is needed in which the y actuator slide would overlap and cross over the x actuator.
With the linear actuators actually overlapping each other in the T-configuration, a wider range
is attainable so that the entire course of the sun is tracked throughout a given day. We could
also continue to reduce the cost by choosing different components that affect power consumption
ie. DC motor/worm gear. In addition, design changes will be implemented to make the solar
tracker a viable consumer product. This includes protecting the parts from various weather
conditions in order to further reduce maintenance, as well as making installation and daily
operation of the tracker user friendly. Other improvements will be addressed after a life cycle
analysis has been conducted. When these design improvements have been incorporated into
our design and tested, discussion with manufacturers will take place in order for our product
to be mass produced and made available to the public.
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Appendix A
Data Sheets
A.1 Adruino Mega
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The Arduino Mega 2560 is a microcontroller board based on the ATmega2560 (datasheet). It has 54 digital input/output
pins (of which 14 can be used as PWM outputs), 16 analog inputs, 4 UARTs (hardware serial ports), a 16 MHz crystal
oscillator, a USB connection, a power jack, an ICSP header, and a reset button. It contains everything needed to support
the microcontroller; simply connect it to a computer with a USB cable or power it with a AC-to-DC adapter or battery to
get started. The Mega is compatible with most shields designed for the Arduino Duemilanove or Diecimila.
Sch e m at ic  &  Re f e re nce  D es i g n
EAGLE files: arduino-mega2560-reference-design.zip
Schematic: arduino-mega2560-schematic.pdf
Su m m ar y
Microcontroller ATmega2560
Operating Voltage 5V
Input Voltage (recommended) 7-12V
Input Voltage (limits) 6-20V
Digital I/O Pins 54 (of which 14 provide PWM output)
Analog Input Pins 16
DC Current per I/O Pin 40 mA
DC Current for 3.3V Pin 50 mA
Flash Memory 256 KB of which 8 KB used by bootloader
SRAM 8 KB
EEPROM 4 KB
Clock Speed 16 MHz
Po wer
The Arduino Mega can be powered via the USB connection or with an external power supply. The power source is selected
automatically.
External (non-USB) power can come either from an AC-to-DC adapter (wall-wart) or battery. The adapter can be
connected by plugging a 2.1mm center-positive plug into the board's power jack. Leads from a battery can be inserted in
the Gnd and Vin pin headers of the POWER connector.
The board can operate on an external supply of 6 to 20 volts. If supplied with less than 7V, however, the 5V pin may supply
less than five volts and the board may be unstable. If using more than 12V, the voltage regulator may overheat and damage
the board. The recommended range is 7 to 12 volts.
The Mega2560 differs from all preceding boards in that it does not use the FTDI USB-to-serial driver chip. Instead, it
features the Atmega8U2 programmed as a USB-to-serial converter.
The power pins are as follows:
VIN. The input voltage to the Arduino board when it's using an external power source (as opposed to 5 volts from the
USB connection or other regulated power source). You can supply voltage through this pin, or, if supplying voltage via
the power jack, access it through this pin.
5V. The regulated power supply used to power the microcontroller and other components on the board. This can come
either from VIN via an on-board regulator, or be supplied by USB or another regulated 5V supply.
3V3. A 3.3 volt supply generated by the on-board regulator. Maximum current draw is 50 mA.
GND. Ground pins.
Me m o r y
The ATmega2560 has 256 KB of flash memory for storing code (of which 8 KB is used for the bootloader), 8 KB of SRAM
and 4 KB of EEPROM (which can be read and written with the EEPROM library).
In p u t  a n d  O u t p u t
Each of the 54 digital pins on the Mega can be used as an input or output, using pinMode(), digitalWrite(), and
digitalRead() functions. They operate at 5 volts. Each pin can provide or receive a maximum of 40 mA and has an internal
pull-up resistor (disconnected by default) of 20-50 kOhms. In addition, some pins have specialized functions:
Serial: 0 (RX) and 1 (TX); Serial 1: 19 (RX) and 18 (TX); Serial 2: 17 (RX) and 16 (TX); Serial 3: 15
(RX) and 14 (TX). Used to receive (RX) and transmit (TX) TTL serial data. Pins 0 and 1 are also connected to the
corresponding pins of the ATmega8U2 USB-to-TTL Serial chip.
External Interrupts: 2 (interrupt 0), 3 (interrupt 1), 18 (interrupt 5), 19 (interrupt 4), 20 (interrupt
3), and 21 (interrupt 2). These pins can be configured to trigger an interrupt on a low value, a rising or falling edge,
or a change in value. See the attachInterrupt() function for details.
PWM: 0 to 13. Provide 8-bit PWM output with the analogWrite() function.
SPI: 50 (MISO), 51 (MOSI), 52 (SCK), 53 (SS). These pins support SPI communication using the SPI library.
The SPI pins are also broken out on the ICSP header, which is physically compatible with the Uno, Duemilanove and
Diecimila.
LED: 13. There is a built-in LED connected to digital pin 13. When the pin is HIGH value, the LED is on, when the
pin is LOW, it's off.
I2C: 20 (SDA) and 21 (SCL). Support I2C (TWI) communication using the Wire library (documentation on the
Wiring website). Note that these pins are not in the same location as the I2C pins on the Duemilanove or Diecimila.
The Mega2560 has 16 analog inputs, each of which provide 10 bits of resolution (i.e. 1024 different values). By default they
measure from ground to 5 volts, though is it possible to change the upper end of their range using the AREF pin and
analogReference() function.
There are a couple of other pins on the board:
AREF. Reference voltage for the analog inputs. Used with analogReference().
Reset. Bring this line LOW to reset the microcontroller. Typically used to add a reset button to shields which block
the one on the board.
C o m m u n ica t i o n
The Arduino Mega2560 has a number of facilities for communicating with a computer, another Arduino, or other
microcontrollers. The ATmega2560 provides four hardware UARTs for TTL (5V) serial communication. An ATmega8U2
on the board channels one of these over USB and provides a virtual com port to software on the computer (Windows
machines will need a .inf file, but OSX and Linux machines will recognize the board as a COM port automatically. The
Arduino software includes a serial monitor which allows simple textual data to be sent to and from the board. The RX and
TX LEDs on the board will flash when data is being transmitted via the ATmega8U2 chip and USB connection to the
computer (but not for serial communication on pins 0 and 1).
A SoftwareSerial library allows for serial communication on any of the Mega2560's digital pins.
The ATmega2560 also supports I2C (TWI) and SPI communication. The Arduino software includes a Wire library to
simplify use of the I2C bus; see the documentation on the Wiring website for details. For SPI communication, use the SPI
library.
P r o g ra m m i n g
The Arduino Mega can be programmed with the Arduino software (download). For details, see the reference and tutorials.
The ATmega2560 on the Arduino Mega comes preburned with a bootloader that allows you to upload new code to it
without the use of an external hardware programmer. It communicates using the original STK500 protocol (reference, C
header files).
You can also bypass the bootloader and program the microcontroller through the ICSP (In-Circuit Serial Programming)
header; see these instructions for details.
The ATmega8U2 firmware source code is available in the Arduino repository. The ATmega8U2 is loaded with a DFU
bootloader, which can be activated by connecting the solder jumper on the back of the board (near the map of Italy) and
then resetting the 8U2. You can then use Atmel's FLIP software (Windows) or the DFU programmer (Mac OS X and
Linux) to load a new firmware. Or you can use the ISP header with an external programmer (overwriting the DFU
bootloader). See this user-contributed tutorial for more information.
A u to m at ic  (So f t ware)  Reset
Rather then requiring a physical press of the reset button before an upload, the Arduino Mega2560 is designed in a way
that allows it to be reset by software running on a connected computer. One of the hardware flow control lines (DTR) of
the ATmega8U2 is connected to the reset line of the ATmega2560 via a 100 nanofarad capacitor. When this line is
asserted (taken low), the reset line drops long enough to reset the chip. The Arduino software uses this capability to allow
you to upload code by simply pressing the upload button in the Arduino environment. This means that the bootloader can
have a shorter timeout, as the lowering of DTR can be well-coordinated with the start of the upload.
This setup has other implications. When the Mega2560 is connected to either a computer running Mac OS X or Linux, it
resets each time a connection is made to it from software (via USB). For the following half-second or so, the bootloader is
running on the Mega2560. While it is programmed to ignore malformed data (i.e. anything besides an upload of new
code), it will intercept the first few bytes of data sent to the board after a connection is opened. If a sketch running on the
board receives one-time configuration or other data when it first starts, make sure that the software with which it
communicates waits a second after opening the connection and before sending this data.
The Mega2560 contains a trace that can be cut to disable the auto-reset. The pads on either side of the trace can be
soldered together to re-enable it. It's labeled "RESET-EN". You may also be able to disable the auto-reset by connecting a
110 ohm resistor from 5V to the reset line; see this forum thread for details.
USB  O ve rcu r re n t  P r o tect i o n
The Arduino Mega2560 has a resettable polyfuse that protects your computer's USB ports from shorts and overcurrent.
Although most computers provide their own internal protection, the fuse provides an extra layer of protection. If more
than 500 mA is applied to the USB port, the fuse will automatically break the connection until the short or overload is
removed.
Ph ys ica l  C h a racte r is t ics  a n d  Sh ie l d  C o m p at i b i l i t y
The maximum length and width of the Mega2560 PCB are 4 and 2.1 inches respectively, with the USB connector and
power jack extending beyond the former dimension. Three screw holes allow the board to be attached to a surface or case.
Note that the distance between digital pins 7 and 8 is 160 mil (0.16"), not an even multiple of the 100 mil spacing of the
other pins.
The Mega2560 is designed to be compatible with most shields designed for the Uno, Diecimila or Duemilanove. Digital
pins 0 to 13 (and the adjacent AREF and GND pins), analog inputs 0 to 5, the power header, and ICSP header are all in
equivalent locations. Further the main UART (serial port) is located on the same pins (0 and 1), as are external interrupts
0 and 1 (pins 2 and 3 respectively). SPI is available through the ICSP header on both the Mega2560 and Duemilanove /
Diecimila. Please note that I2C is not located on the same pins on the Mega (20 and 21) as the Duemilanove / Diecimila
(analog inputs 4 and 5).
A.2 H-Bridge IC
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! Featuring Unitrode L293 and L293D
Products Now From Texas Instruments
! Wide Supply-Voltage Range: 4.5 V to 36 V
! Separate Input-Logic Supply
! Internal ESD Protection
! Thermal Shutdown
! High-Noise-Immunity Inputs
! Functionally Similar to SGS L293 and
SGS L293D
! Output Current 1 A Per Channel
(600 mA for L293D)
! Peak Output Current 2 A Per Channel
(1.2 A for L293D)
! Output Clamp Diodes for Inductive
Transient Suppression (L293D)
 
description/ordering information
The L293 and L293D are quadruple high-current
half-H drivers. The L293 is designed to provide
bidirectional drive currents of up to 1 A at voltages
from 4.5 V to 36 V. The L293D is designed to
provide bidirectional drive currents of up to
600-mA at voltages from 4.5 V to 36 V. Both
devices are designed to drive inductive loads such
as relays, solenoids, dc and bipolar stepping
motors, as well as other high-current/high-voltage
loads in positive-supply applications.
All inputs are TTL compatible. Each output is a
complete totem-pole drive circuit, with a
Darlington transistor sink and a pseudo-
Darlington source. Drivers are enabled in pairs, with drivers 1 and 2 enabled by 1,2EN and drivers 3 and 4
enabled by 3,4EN. When an enable input is high, the associated drivers are enabled, and their outputs are active
and in phase with their inputs. When the enable input is low, those drivers are disabled, and their outputs are
off and in the high-impedance state. With the proper data inputs, each pair of drivers forms a full-H (or bridge)
reversible drive suitable for solenoid or motor applications.
ORDERING INFORMATION
TA PACKAGE†
ORDERABLE
PART NUMBER
TOP-SIDE
MARKING
HSOP (DWP) Tube of 20 L293DWP L293DWP
0°C to 70°C
PDIP (N) Tube of 25 L293N L293N
  
PDIP (NE) Tube of 25 L293NE L293NE 
Tube of 25 L293DNE L293DNE
† Package drawings, standard packing quantities, thermal data, symbolization, and PCB design guidelines are available at
www.ti.com/sc/package.
Copyright  2004, Texas Instruments IncorporatedPRODUCTION DATA information is current as of publication date.
Products conform to specifications per the terms of Texas Instruments
standard warranty. Production processing does not necessarily include
testing of all parameters.
Please be aware that an important notice concerning availability, standard warranty, and use in critical applications of
Texas Instruments semiconductor products and disclaimers thereto appears at the end of this data sheet.
HEAT SINK AND
GROUND
HEAT SINK AND
GROUND
1
2
3
4
5
6
7
8
16
15
14
13
12
11
10
9
1,2EN
1A
1Y
 2Y
2A
VCC2
VCC1
4A
4Y
3Y
3A
3,4EN
L293 . . . N OR NE PACKAGE
L293D . . . NE PACKAGE
(TOP VIEW)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
28
27
26
25
24
23
22
21
20
19
18
17
16
15
1,2EN
1A
1Y
NC
NC
NC
NC
NC
2Y
2A
VCC2
VCC1
4A
4Y
NC
NC
NC
NC
NC
3Y
3A
3,4EN
L293 . . . DWP PACKAGE
(TOP VIEW)
HEAT SINK AND
GROUND
HEAT SINK AND
GROUND
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description/ordering information (continued)
On the L293, external high-speed output clamp diodes should be used for inductive transient suppression.
A VCC1 terminal, separate from VCC2, is provided for the logic inputs to minimize device power dissipation.
The L293and L293D are characterized for operation from 0°C to 70°C.
block diagram
1
0
3
4
5
6
7
8 9
10
11
12
13
14
15
161
21
0
1
1
0
2
4
3
M
M
M
1
0
1
0
1
0
VCC2
VCC1
NOTE:  Output diodes are internal in L293D.
FUNCTION TABLE
(each driver)
INPUTS† OUTPUT
A EN Y
H H H
L H L
X L Z
H = high level, L = low level, X = irrelevant,
Z = high impedance (off)
† In the thermal shutdown mode, the output is
in the high-impedance state, regardless of
the input levels.
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logic diagram
2
1
7
10
9
15
3
6
11
14
1A
1,2EN
2A
3A
3,4EN
4A
1Y
2Y
3Y
4Y
schematics of inputs and outputs (L293)
Input
VCC2
Output
GND
TYPICAL OF ALL OUTPUTSEQUIVALENT OF EACH INPUT
VCC1
Current
Source
GND
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schematics of inputs and outputs (L293D)
Input
VCC2
Output
GND
TYPICAL OF ALL OUTPUTSEQUIVALENT OF EACH INPUT
VCC1
Current
Source
GND
absolute maximum ratings over operating free-air temperature range (unless otherwise noted)†
Supply voltage, VCC1 (see Note 1) 36 V. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Output supply voltage, VCC2 36 V. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Input voltage, VI 7 V. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Output voltage range, VO −3 V to VCC2 + 3 V. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Peak output current, IO (nonrepetitive, t ≤ 5 ms): L293 ±2 A. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Peak output current, IO (nonrepetitive, t ≤ 100 µs):  L293D ±1.2 A. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Continuous output current, IO:  L293 ±1 A. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Continuous output current, IO:  L293D ±600 mA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Package thermal impedance, θJA (see Notes 2 and 3): DWP package TBD°C/W. . . . . . . . . . . . . . . . . . . . . . . 
N package 67°C/W. . . . . . . . . . . . . . . . . . . . . . . . . . . . 
NE package TBD°C/W. . . . . . . . . . . . . . . . . . . . . . . . . 
Maximum junction temperature, TJ 150°C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Storage temperature range, Tstg −65°C to 150°C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
† Stresses beyond those listed under “absolute maximum ratings” may cause permanent damage to the device. These are stress ratings only, and
functional operation of the device at these or any other conditions beyond those indicated under “recommended operating conditions” is not
implied. Exposure to absolute-maximum-rated conditions for extended periods may affect device reliability.
NOTES: 1. All voltage values are with respect to the network ground terminal.
2. Maximum power dissipation is a function of TJ(max), !JA, and TA. The maximum allowable power dissipation at any allowable
ambient temperature is PD = (TJ(max) − TA)/!JA. Operating at the absolute maximum TJ of 150°C can affect reliability.
3. The package thermal impedance is calculated in accordance with JESD 51-7.
L293, L293D
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recommended operating conditions
MIN MAX UNIT
Supply voltage
VCC1 4.5 7
V 
VCC2 VCC1 36
V High level input voltage
VCC1 ≤ 7 V 2.3 VCC1 V
IH -   VCC1 ≥ 7 V 2.3 7 V
VIL Low-level output voltage −0.3† 1.5 V
TA Operating free-air temperature 0 70 °C
† The algebraic convention, in which the least positive (most negative) designated minimum, is used in this data sheet for logic voltage levels.
electrical characteristics, VCC1 = 5 V, VCC2 = 24 V, TA = 25°C
PARAMETER TEST CONDITIONS MIN TYP MAX UNIT
VOH High-level output voltage
L293:   IOH = −1 A
L293D: IOH = −0.6 A
VCC2 − 1.8 VCC2 − 1.4 V
VOL Low-level output voltage
L293:   IOL = 1 A
L293D: IOL = 0.6 A
1.2 1.8 V
VOKH High-level output clamp voltage L293D: IOK = −0.6 A VCC2 + 1.3 V
VOKL Low-level output clamp voltage L293D: IOK = 0.6 A 1.3 V
I High level input current
A
V 7 V
0.2 100
AIH -   EN I =  0.2 10 µ
I Low level input current
A
V 0
−3 −10
AIL -   EN I = −2 −100 µ
All outputs at high level 13 22
ICC1 Logic supply current IO = 0 All outputs at low level 35 60 mA
All outputs at high impedance 8 24
All outputs at high level 14 24
ICC2 Output supply current IO = 0 All outputs at low level 2 6 mA
All outputs at high impedance 2 4
switching characteristics, VCC1 = 5 V, VCC2 = 24 V, TA = 25°C
PARAMETER TEST CONDITIONS
L293NE, L293DNE
UNIT 
MIN TYP MAX
tPLH Propagation delay time, low-to-high-level output from A input 800 ns
tPHL Propagation delay time, high-to-low-level output from A input C = 30 pF See Figure 1
400 ns
tTLH Transition time, low-to-high-level output
L    ,      300 ns
tTHL Transition time, high-to-low-level output 300 ns
switching characteristics, VCC1 = 5 V, VCC2 = 24 V, TA = 25°C
PARAMETER TEST CONDITIONS
L293DWP, L293N
L293DN UNIT
MIN TYP MAX
tPLH Propagation delay time, low-to-high-level output from A input 750 ns
tPHL Propagation delay time, high-to-low-level output from A input C = 30 pF See Figure 1
200 ns
tTLH Transition time, low-to-high-level output
L    ,      100 ns
tTHL Transition time, high-to-low-level output 350 ns
L293, L293D
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PARAMETER MEASUREMENT INFORMATION
Output
CL = 30 pF
(see Note A)
VCC1
Input
3 V
TEST CIRCUIT
tf tr
3 V
0
tPHL
VOH
tTHL tTLH
VOLTAGE WAVEFORMS
tPLH
Output
Input
VOL
tw
NOTES: A. CL includes probe and jig capacitance.
B. The pulse generator has the following characteristics: tr ≤ 10 ns, tf ≤ 10 ns, tw = 10 µs, PRR = 5 kHz, ZO = 50 Ω.
Pulse
Generator
(see Note B)
5 V 24 V
VCC2
A
EN
Y
90% 90%
50%
10%
50%
10%
90% 90%
50%
10%
50%
10%
Figure 1. Test Circuit and Voltage Waveforms
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APPLICATION INFORMATION
24 V5 V
10 kΩ
VCC1
VCC2
Control A
Control B
4, 5, 12, 13
GND
Thermal
Shutdown
Motor
16 8
3
6
11
14
4Y
3Y
2Y
1Y
1,2EN
1A
2A
3,4EN
3A
4A
15
10
9
7
2
1
Figure 2. Two-Phase Motor Driver (L293)
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APPLICATION INFORMATION
24 V5 V
10 kΩ
VCC1 VCC2
16 8
1,2EN
1
1A
2
2A
7
3,4EN
9
3A
10
4A
15
Control A
Control B
4, 5, 12, 13
GND
Thermal
Shutdown
Motor
1Y
3
2Y
6
3Y
11
4Y
14
Figure 3. Two-Phase Motor Driver (L293D)
A.3 Stepper Motors
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A.4 MOSFET (PNP)
88
SMP20P10
Siliconix
P-35259—Rev. B, 16-May-94
1
P-Channel Enhancement-Mode Transistor
Product Summary
V(BR)DSS (V) rDS(on) (￿) ID (A)
–100 0.20 –20
TO-220AB
Top View
G D S
Drain Connected to Tab
D
G
S
N-Channel MOSFET
Absolute Maximum Ratings (TC = 25￿C Unless Otherwise Noted)
Parameter Symbol Limit Unit
Drain-Source Voltage VDS –100 V
Gate-Source Voltage VGS ￿20
Continuous Drain Current (TJ = 150￿C)
TC = 25￿C ID
–20
     
TC = 100￿C –12 A
Pulsed Drain Current IDM –80
Avalanche Current IAR –20
Repetitive Avalanche Energya L = 0.05 mH EAR 20 mJ
Maximum Power Dissipation
TC = 25￿C PD
125
W  
TC = 100￿C 50
Operating Junction and Storage Temperature Range TJ, Tstg –55 to 150
￿C
Lead Temperature (1/16” from case for 10 sec.) TL 300
Thermal Resistance Ratings
Parameter Symbol Typical Maximum Unit
Maximum Junction-to-Ambient RthJA 80
Maximum Junction-to-Case RthJC 1.0 ￿C/W
Case-to-Sink RthCS 1.0
Notes:
a. Duty cycle ￿1%
Subsequent updates to this data sheet may be obtained via facsimile by calling Siliconix FaxBack, 1-408-970-5600.  Please request FaxBack document
#70287.
SMP20P10
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Specifications (TJ = 25￿C Unless Otherwise Noted)  
Limit
Parameter Symbol Test Condition Min Typa Max Unit
Static 
Drain-Source Breakdown Voltage V(BR)DSS VGS = 0 V, ID = –250  ￿A –100 V
Gate Threshold Voltage VGS(th) VDS = VGS, ID = –250  ￿A –2.0 –4.0
Gate-Body Leakage IGSS VDS = 0 V, VGS = ￿12 V ￿100 nA
Zero Gate Voltage Drain Current IDSS
VDS = –80 V, VGS = 0 V –250
￿A    
VDS = –80 V, VGS = 0 V, TJ = 125￿C –1000
On-State Drain Currentb ID(on) VDS = –10 V, VGS = –10 V –20 A
Drain Source On State Resistanceb rDS( )
VGS = –10  V, ID = –12 A 0.15 0.20
￿-  -  on VGS = –10 V, ID = –12 A, TJ = 125￿C 0.24 0.30
Forward Transconductanceb gfs VDS = –15 V, ID = –12  A 4.8 6.7 S
Dynamic  
Input Capacitance Ciss 1300
Output Capacitance Coss VGS = 0 V, VDS = –25 V, f = 1 MHz 700 pF
Reverse Transfer Capacitance Crss 250
Total Gate Chargec Qg 47 60
Gate-Source Chargec Qgs VDS = –50 V,  VGS = –10 V, ID = –20 A 10 18 nC
Gate-Drain Chargec Qgd 27 36
Turn-On Delay Timec td(on) 10 30
Rise Timec tr VDD =  –40 V, RL = 2.1 ￿ 50 80 ns
Turn-Off Delay Timec td(off) ID￿ –19 A, VGEN = –10 V, RG = 4.7 ￿ 25 80
Fall Timec tf 15 60
Source-Drain Diode Ratings and Characteristics  
Continuous Current IS –20
A
Pulsed Current ISM –80
Diode Forward Voltageb VSD IF = –20 A, VGS = 0 V –1.7 V
Reverse Recovery Time trr IF = 20 A di/dt = 100 A/￿s
150 ns
Reverse Recovery Charge Qrr
  –  ,    
0.3 ￿C
Notes:
a. For design aid only; not subject to production testing.
b. Pulse test; pulse width ￿ 300 ￿s, duty cycle ￿ 2%.
c. Independent of operating temperature.
SMP20P10
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Typical Characteristics (25￿C Unless Otherwise Noted)
Output Characteristics Transfer Characteristics
Capacitance Gate Charge
Transconductance On-Resistance vs. Drain Current
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A.5 MOSFET (NPN)
92
IRFZ44
BVDSS  =  60 V
RDS(on)  =  0.024!
ID  =  50 A
60
50
35.4
200
±20
857
50
12.6
5.5
126
0.84
- 55  to  +175
300
1.19
--
62.5
--
0.5
--
"  Avalanche  Rugged  Technology
"  Rugged  Gate  Oxide  Technology 
"  Lower  Input  Capacitance
"  Improved  Gate  Charge
"  Extended  Safe  Operating  Area
"  175°C Operating  Temperature
"  Lower  Leakage  Current: 10µA (Max.)  @  VDS = 60V
"  Lower  RDS(ON): 0.020! (Typ.)
Thermal  Resistance
Junction-to-Case
Case-to-Sink
Junction-to-Ambient
R#JC
R#CS
R#JA
°C/W
Characteristic Max. UnitsSymbol Typ.
FEATURES
Absolute  Maximum  Ratings
Drain-to-Source Voltage
Continuous  Drain  Current  (TC=25°C)
Continuous  Drain  Current  (TC=100°C)
Drain  Current-Pulsed                              (1)
Gate-to-Source  Voltage
Single  Pulsed  Avalanche  Energy          (2)
Avalanche  Current                                  (1)
Repetitive  Avalanche  Energy                 (1)
Peak  Diode  Recovery  dv/dt                   (3)
Total  Power  Dissipation  (TC=25°C)
Linear  Derating  Factor
Operating  Junction  and
Storage  Temperature  Range
Maximum  Lead  Temp.  for  Soldering
Purposes,  1/8  from  case  for  5-seconds
Characteristic Value UnitsSymbol
IDM
VGS
EAS
IAR
EAR
dv/dt
ID
PD
TJ  , TSTG
TL
A
V
mJ
A
mJ
V/ns
W
W/°C
A
°C
VDSS V
TO-220
1.Gate  2. Drain  3. Source
3
2
1
©1999 Fairchild Semiconductor Corporation
Rev. B
IRFZ44
60
--
2.0
--
--
--
--
--
0.063
--
--
--
--
--
590
220
20
16
68
70
64
12.3
23.6
--
--
4.0
100
-100
10
100
0.024
--
2300
680
255
40
40
140
140
83
--
--
32.6
1770
--
--
--
85
0.24
50
200
1.8
--
--
Notes;
(1)  Repetitive Rating: Pulse Width Limited by Maximum Junction Temperature
(2)  L=0.4mH, IAS=50A, VDD=25V, RG=27!, Starting TJ =25°C
(3)  ISD $ 50A, di/dt $ 350A/µs, VDD $ BVDSS , Starting TJ =25°C
(4)  Pulse Test : Pulse Width = 250µs, Duty Cycle $ 2%
(5)  Essentially Independent of Operating Temperature
Electrical Characteristics (TC=25°C unless  otherwise  specified)
Drain-Source  Breakdown  Voltage
Breakdown  Voltage  Temp.  Coeff.
Gate  Threshold  Voltage
Gate-Source  Leakage ,  Forward
Gate-Source  Leakage ,  Reverse
CharacteristicSymbol Max. UnitsTyp.Min. Test  Condition
Static  Drain-Source
On-State  Resistance
Forward  Transconductance
Input  Capacitance
Output  Capacitance
Reverse  Transfer  Capacitance
Turn-On  Delay  Time
Rise  Time
Turn-Off  Delay  Time
Fall  Time
Total  Gate  Charge
Gate-Source  Charge
Gate-Drain ( Miller ) Charge
gfs
Ciss
Coss
Crss
td(on)
tr
td(off)
tf
Qg
Qgs
Qgd
    BVDSS 
 %BV/%TJ 
    VGS(th)
RDS(on)
IGSS
IDSS
V
V/°C
V
nA
µA
!
!
pF
ns
nC
--
--
--
--
--
--
--
--
--
--
--
--
--
VGS=0V,ID=250µA 
ID=250µA      See Fig 7
VDS=5V,ID=250µA
VGS=20V
VGS=-20V
VDS=60V
VDS=48V,TC=150°C 
VGS=10V,ID=25A            (4) 
VDS=30V,ID=25A          (4)
VDD=30V,ID=50A,
RG=9.1!
        See Fig 13        (4) (5)
VDS=48V,VGS=10V,
ID=50A
See Fig 6 & Fig 12   (4) (5)
Drain-to-Source  Leakage  Current
VGS=0V,VDS=25V,f =1MHz
           See Fig 5
Source-Drain  Diode  Ratings  and  Characteristics
Continuous  Source  Current
Pulsed-Source  Current               (1)
Diode  Forward  Voltage             (4)
Reverse  Recovery  Time
Reverse  Recovery  Charge
IS
ISM
VSD
trr
Qrr
CharacteristicSymbol Max. UnitsTyp.Min. Test  Condition
--
--
--
--
--
A
V
ns
µC
Integral reverse pn-diode
in the MOSFET
TJ=25°C,IS=50A,VGS=0V
TJ=25°C,IF=50A
diF/dt=100A/µs             (4) 
IRFZ44
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  1. 250 µs Pulse Test
  2. TC = 25 oC
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Fig 1.  Output Characteristics Fig 2.  Transfer Characteristics
Fig 6.  Gate Charge vs. Gate-Source VoltageFig 5.  Capacitance vs. Drain-Source Voltage
Fig 4.  Source-Drain Diode Forward VoltageFig 3.  On-Resistance vs. Drain Current
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Silicon Photodiode
DESCRIPTION
BPW21R is a planar Silicon PN photodiode in a hermetically
sealed short TO-5 case, especially designed for high
precision linear applications.
Due to its extremely high dark resistance, the short circuit
photocurrent is linear over seven decades of illumination
level.
On the other hand, there is a strictly logarithmic correlation
between open circuit voltage and illumination over the same
range.
The device is equipped with a flat glass window with built in
color correction filter, giving an approximation to the
spectral response of the human eye.
FEATURES
• Package type: leaded
• Package form: TO-5
• Dimensions (in mm): Ø 8.13
• Radiant sensitive area (in mm2): 7.5
• High photo sensitivity
• Adapted to human eye responsivity
• Angle of half sensitivity: ϕ = ± 50°
• Hermetically sealed package
• Cathode connected to package
• Flat glass window
• Low dark current
• High shunt resistance
• High linearity
• Compliant to RoHS Directive 2002/95/EC and in
accordance with WEEE 2002/96/EC
APPLICATIONS
• Sensor in exposure and color measuring purposes
Note
• Test condition see table “Basic Characteristics”
Note
• MOQ: minimum order quantity
94 8394
PRODUCT SUMMARY
COMPONENT Ira (µA) ϕ (deg) λ0.5 (nm)
BPW21R 9 ± 50 420 to 675
ORDERING INFORMATION
ORDERING CODE PACKAGING REMARKS PACKAGE FORM
BPW21R Bulk MOQ: 500 pcs, 500 pcs/bulk TO-5
ABSOLUTE MAXIMUM RATINGS (Tamb = 25 °C, unless otherwise specified)
PARAMETER TEST CONDITION SYMBOL VALUE UNIT
Reverse voltage VR 10 V
Power dissipation Tamb ≤ 50 °C PV 300 mW
Junction temperature Tj 125 °C
Operating temperature range Tamb - 40 to + 125 °C
Storage temperature range Tstg - 40 to + 125 °C
Soldering temperature t ≤ 5 s Tsd 260 °C
Thermal resistance junction/ambient Connected with Cu wire, 0.14 mm2 RthJA 250 K/W
 BPW21R
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BASIC CHARACTERISTICS (Tamb = 25 °C, unless otherwise specified)
 Fig. 1 - Reverse Dark Current vs. Ambient Temperature  Fig. 2 - Relative Reverse Light Current vs. Ambient Temperature
BASIC CHARACTERISTICS (Tamb = 25 °C, unless otherwise specified)
PARAMETER TEST CONDITION SYMBOL MIN. TYP. MAX. UNIT
Forward voltage IF = 50 mA VF 1.0 1.3 V
Breakdown voltage IR = 20 µA, E = 0 V(BR) 10 V
Reverse dark current VR = 5 V, E = 0 Iro 2 30 nA
Diode capacitance
VR = 0 V, f = 1 MHz, E = 0 CD 1.2 nF
VR = 5 V, f = 1 MHz, E = 0 CD 400 pF
Dark resistance VR = 10 mV RD 38 GΩ
Open circuit voltage EA = 1 klx Vo 280 450 mV
Temperature coefficient of Vo EA = 1 klx TKVo - 2 mV/K
Short circuit current EA = 1 klx Ik 4.5 9 µA
Temperature coefficient of IK EA = 1 klx TKIk - 0.05 %/K
Reverse light current EA = 1 klx, VR = 5 V Ira 4.5 9 µA
Sensitivity VR = 5 V, EA = 10-2 to 105 lx S 9 nA/Ix
Angle of half sensitivity ϕ ± 50 deg
Wavelength of peak sensitivity λp 565 nm
Range of spectral bandwidth λ0.5 420 to 675 nm
Rise time VR = 0 V, RL = 1 kΩ, λ = 660 nm tr 3.1 µs
Fall time VR = 0 V, RL = 1 kΩ, λ = 660 nm tf 3.0 µs
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 Fig. 3 - Short Circuit Current vs. Illuminance
 Fig. 4 - Diode Capacitance vs. Reverse Voltage
 Fig. 5 - Relative Spectral Sensitivity vs. Wavelength
 Fig. 6 - Relative Radiant Sensitivity vs. Angular Displacement
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PACKAGE DIMENSIONS in millimeters
-+
 5.08 nom.
 Ø 8.13
 Ø 5.9
 Ø 0.45
-
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±
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A.7 Real Time Clock
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FEATURES
! Real-time clock (RTC) counts seconds,
minutes, hours, date of the month, month, day
of the week, and year with leap-year
compensation valid up to 2100
! 56-byte, battery-backed, nonvolatile (NV)
RAM for data storage
! Two-wire serial interface
! Programmable squarewave output signal
! Automatic power-fail detect and switch
circuitry
! Consumes less than 500nA in battery backup
mode with oscillator running
! Optional industrial temperature range:
-40°C to +85°C
! Available in 8-pin DIP or SOIC
! Underwriters Laboratory (UL) recognized
ORDERING INFORMATION
DS1307 8-Pin DIP (300-mil)
DS1307Z 8-Pin SOIC (150-mil)
DS1307N 8-Pin DIP (Industrial)
DS1307ZN 8-Pin SOIC (Industrial)
PIN ASSIGNMENT
PIN DESCRIPTION
VCC - Primary Power Supply
X1, X2 - 32.768kHz Crystal Connection
VBAT - +3V Battery Input
GND - Ground
SDA - Serial Data
SCL - Serial Clock
SQW/OUT - Square Wave/Output Driver
DESCRIPTION
The DS1307 Serial Real-Time Clock is a low-power, full binary-coded decimal (BCD) clock/calendar
plus 56 bytes of NV SRAM.  Address and data are transferred serially via a 2-wire, bi-directional bus.
The clock/calendar provides seconds, minutes, hours, day, date, month, and year information.  The end of
the month date is automatically adjusted for months with fewer than 31 days, including corrections for
leap year.  The clock operates in either the 24-hour or 12-hour format with AM/PM indicator.  The
DS1307 has a built-in power sense circuit that detects power failures and automatically switches to the
battery supply.
DS1307
64 x 8 Serial Real-Time Clock
www.maxim-ic.com
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OPERATION
The DS1307 operates as a slave device on the serial bus.  Access is obtained by implementing a START
condition and providing a device identification code followed by a register address.  Subsequent registers
can be accessed sequentially until a STOP condition is executed.  When VCC falls below 1.25 x VBAT the
device terminates an access in progress and resets the device address counter.  Inputs to the device will
not be recognized at this time to prevent erroneous data from being written to the device from an out of
tolerance system.  When VCC falls below VBAT the device switches into a low-current battery backup
mode.  Upon power-up, the device switches from battery to VCC when VCC is greater than VBAT  + 0.2V
and recognizes inputs when VCC is greater than 1.25 x VBAT.  The block diagram in Figure 1 shows the
main elements of the serial RTC.
DS1307 BLOCK DIAGRAM Figure 1
TYPICAL OPERATING CIRCUIT
DS1307
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SIGNAL DESCRIPTIONS
VCC, GND – DC power is provided to the device on these pins.  VCC is the +5V input.  When 5V is
applied within normal limits, the device is fully accessible and data can be written and read.  When a 3V
battery is connected to the device and VCC is below 1.25 x VBAT, reads and writes are inhibited.  However,
the timekeeping function continues unaffected by the lower input voltage.  As VCC falls below VBAT the
RAM and timekeeper are switched over to the external power supply (nominal 3.0V DC) at VBAT.
VBAT – Battery input for any standard 3V lithium cell or other energy source.  Battery voltage must be
held between 2.0V and 3.5V for proper operation.  The nominal write protect trip point voltage at which
access to the RTC and user RAM is denied is set by the internal circuitry as 1.25 x VBAT nominal.  A
lithium battery with 48mAhr or greater will back up the DS1307 for more than 10 years in the absence of
power at 25ºC. UL recognized to ensure against reverse charging current when used in conjunction with a
lithium battery.
See “Conditions of Acceptability” at http://www.maxim-ic.com/TechSupport/QA/ntrl.htm.
SCL (Serial Clock Input) – SCL is used to synchronize data movement on the serial interface.
SDA (Serial Data Input/Output) – SDA is the input/output pin for the 2-wire serial interface.  The SDA
pin is open drain which requires an external pullup resistor.
SQW/OUT (Square Wave/Output Driver) – When enabled, the SQWE bit set to 1, the SQW/OUT pin
outputs one of four square wave frequencies (1Hz, 4kHz, 8kHz, 32kHz).  The SQW/OUT pin is open
drain and requires an external pull-up resistor.  SQW/OUT will operate with either Vcc or Vbat applied.
X1, X2 – Connections for a standard 32.768kHz quartz crystal.  The internal oscillator circuitry is
designed for operation with a crystal having a specified load capacitance (CL) of 12.5pF.
For more information on crystal selection and crystal layout considerations, please consult Application
Note 58, “Crystal Considerations with Dallas Real-Time Clocks.” The DS1307 can also be driven by an
external 32.768kHz oscillator.  In this configuration, the X1 pin is connected to the external oscillator
signal and the X2 pin is floated.
RECOMMENDED LAYOUT FOR CRYSTAL
DS1307
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CLOCK ACCURACY
The accuracy of the clock is dependent upon the accuracy of the crystal and the accuracy of the match
between the capacitive load of the oscillator circuit and the capacitive load for which the crystal was
trimmed.  Additional error will be added by crystal frequency drift caused by temperature shifts.  External
circuit noise coupled into the oscillator circuit may result in the clock running fast.  See Application Note
58, “Crystal Considerations with Dallas Real-Time Clocks” for detailed information.
Please review Application Note 95, “Interfacing the DS1307 with a 8051-Compatible Microcontroller”
for additional information.
RTC AND RAM ADDRESS MAP
The address map for the RTC and RAM registers of the DS1307 is shown in Figure 2.  The RTC registers
are located in address locations 00h to 07h.  The RAM registers are located in address locations 08h to
3Fh.  During a multi-byte access, when the address pointer reaches 3Fh, the end of RAM space, it wraps
around to location 00h, the beginning of the clock space.
DS1307 ADDRESS MAP Figure 2
CLOCK AND CALENDAR
The time and calendar information is obtained by reading the appropriate register bytes.  The RTC
registers are illustrated in Figure 3.  The time and calendar are set or initialized by writing the appropriate
register bytes.  The contents of the time and calendar registers are in the BCD format.  Bit 7 of register 0
is the clock halt (CH) bit.  When this bit is set to a 1, the oscillator is disabled.  When cleared to a 0, the
oscillator is enabled.
Please note that the initial power-on state of all registers is not defined.  Therefore, it is important
to enable the oscillator (CH bit = 0) during initial configuration.
The DS1307 can be run in either 12-hour or 24-hour mode.  Bit 6 of the hours register is defined as the
12- or 24-hour mode select bit.  When high, the 12-hour mode is selected.  In the 12-hour mode, bit 5 is
the AM/PM bit with logic high being PM.  In the 24-hour mode, bit 5 is the second 10 hour bit (20-
23 hours).
On a 2-wire START, the current time is transferred to a second set of registers.  The time information is
read from these secondary registers, while the clock may continue to run.  This eliminates the need to re-
read the registers in case of an update of the main registers during a read.
SECONDS
MINUTES
HOURS
DAY
DATE
MONTH
YEAR
CONTROL
RAM
56 x 8
00H
07H
08H
3FH
DS1307
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DS1307 TIMEKEEPER REGISTERS Figure 3
CONTROL REGISTER
The DS1307 control register is used to control the operation of the SQW/OUT pin.
BIT 7 BIT 6 BIT 5 BIT 4 BIT 3 BIT 2 BIT 1 BIT 0
OUT 0 0 SQWE 0 0 RS1 RS0
OUT (Output control): This bit controls the output level of the SQW/OUT pin when the square wave
output is disabled.  If SQWE = 0, the logic level on the SQW/OUT pin is 1 if OUT = 1 and is 0 if
OUT = 0.
SQWE (Square Wave Enable): This bit, when set to a logic 1, will enable the oscillator output.  The
frequency of the square wave output depends upon the value of the RS0 and RS1 bits. With the square
wave output set to 1Hz, the clock registers update on the falling edge of the square wave.
RS (Rate Select): These bits control the frequency of the square wave output when the square wave
output has been enabled.  Table 1 lists the square wave frequencies that can be selected with the RS bits.
SQUAREWAVE OUTPUT FREQUENCY Table 1
RS1 RS0 SQW OUTPUT FREQUENCY
0 0 1Hz
0 1 4.096kHz
1 0 8.192kHz
1 1 32.768kHz
0
0
0 0 0 0
000
00
00000
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2-WIRE SERIAL DATA BUS
The DS1307 supports a bi-directional, 2-wire bus and data transmission protocol.  A device that sends
data onto the bus is defined as a transmitter and a device receiving data as a receiver.  The device that
controls the message is called a master.  The devices that are controlled by the master are referred to as
slaves.  The bus must be controlled by a master device that generates the serial clock (SCL), controls the
bus access, and generates the START and STOP conditions.  The DS1307 operates as a slave on the 2-
wire bus.  A typical bus configuration using this 2-wire protocol is show in Figure 4.
TYPICAL 2-WIRE BUS CONFIGURATION Figure 4
Figures 5, 6, and 7 detail how data is transferred on the 2-wire bus.
! Data transfer may be initiated only when the bus is not busy.
! During data transfer, the data line must remain stable whenever the clock line is HIGH.  Changes in
the data line while the clock line is high will be interpreted as control signals.
Accordingly, the following bus conditions have been defined:
Bus not busy: Both data and clock lines remain HIGH.
Start data transfer: A change in the state of the data line, from HIGH to LOW, while the clock is HIGH,
defines a START condition.
Stop data transfer: A change in the state of the data line, from LOW to HIGH, while the clock line is
HIGH, defines the STOP condition.
Data valid: The state of the data line represents valid data when, after a START condition, the data line
is stable for the duration of the HIGH period of the clock signal.  The data on the line must be changed
during the LOW period of the clock signal.  There is one clock pulse per bit of data.
Each data transfer is initiated with a START condition and terminated with a STOP condition.  The
number of data bytes transferred between START and STOP conditions is not limited, and is determined
by the master device.  The information is transferred byte-wise and each receiver acknowledges with a
ninth bit.  Within the 2-wire bus specifications a regular mode (100kHz clock rate) and a fast mode
(400kHz clock rate) are defined.  The DS1307 operates in the regular mode (100kHz) only.
DS1307
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Acknowledge: Each receiving device, when addressed, is obliged to generate an acknowledge after the
reception of each byte.  The master device must generate an extra clock pulse which is associated with
this acknowledge bit.
A device that acknowledges must pull down the SDA line during the acknowledge clock pulse in such a
way that the SDA line is stable LOW during the HIGH period of the acknowledge related clock pulse.  Of
course, setup and hold times must be taken into account.  A master must signal an end of data to the slave
by not generating an acknowledge bit on the last byte that has been clocked out of the slave.  In this case,
the slave must leave the data line HIGH to enable the master to generate the STOP condition.
DATA TRANSFER ON 2-WIRE SERIAL BUS Figure 5
Depending upon the state of the R/ W  bit, two types of data transfer are possible:
1. Data transfer from a master transmitter to a slave receiver.  The first byte transmitted by the
master is the slave address.  Next follows a number of data bytes.  The slave returns an acknowledge
bit after each received byte.  Data is transferred with the most significant bit (MSB) first.
2. Data transfer from a slave transmitter to a master receiver.  The first byte (the slave address) is
transmitted by the master.  The slave then returns an acknowledge bit.  This is followed by the slave
transmitting a number of data bytes.  The master returns an acknowledge bit after all received bytes
other than the last byte.  At the end of the last received byte, a “not acknowledge” is returned.
The master device generates all of the serial clock pulses and the START and STOP conditions.  A
transfer is ended with a STOP condition or with a repeated START condition.  Since a repeated START
condition is also the beginning of the next serial transfer, the bus will not be released.  Data is transferred
with the most significant bit (MSB) first.
DS1307
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The DS1307 may operate in the following two modes:
1. Slave receiver mode (DS1307 write mode): Serial data and clock are received through SDA and
SCL.  After each byte is received an acknowledge bit is transmitted.  START and STOP conditions
are recognized as the beginning and end of a serial transfer.  Address recognition is performed by
hardware after reception of the slave address and *direction bit (See Figure 6).  The address byte is
the first byte received after the start condition is generated by the master.  The address byte contains
the 7 bit DS1307 address, which is 1101000, followed by the *direction bit (R/ W ) which, for a write,
is a 0.  After receiving and decoding the address byte the device outputs an acknowledge on the SDA
line.  After the DS1307 acknowledges the slave address + write bit, the master transmits a register
address to the DS1307 This will set the register pointer on the DS1307.  The master will then begin
transmitting each byte of data with the DS1307 acknowledging each byte received.  The master will
generate a stop condition to terminate the data write.
DATA WRITE – SLAVE RECEIVER MODE Figure 6
2. Slave transmitter mode (DS1307 read mode): The first byte is received and handled as in the slave
receiver mode.  However, in this mode, the *direction bit will indicate that the transfer direction is
reversed.  Serial data is transmitted on SDA by the DS1307 while the serial clock is input on SCL.
START and STOP conditions are recognized as the beginning and end of a serial transfer (See
Figure 7).  The address byte is the first byte received after the start condition is generated by the
master.  The address byte contains the 7-bit DS1307 address, which is 1101000, followed by the
*direction bit (R/ W ) which, for a read, is a 1.  After receiving and decoding the address byte the
device inputs an acknowledge on the SDA line.  The DS1307 then begins to transmit data starting
with the register address pointed to by the register pointer.  If the register pointer is not written to
before the initiation of a read mode the first address that is read is the last one stored in the register
pointer.  The DS1307 must receive a “not acknowledge” to end a read.
DATA READ – SLAVE TRANSMITTER MODE Figure 7
DS1307
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ABSOLUTE MAXIMUM RATINGS*
Voltage on Any Pin Relative to Ground -0.5V to +7.0V
Storage Temperature -55°C to +125°C
Soldering Temperature 260°C for 10 seconds DIP
See JPC/JEDEC Standard J-STD-020A for
Surface Mount Devices
* This is a stress rating only and functional operation of the device at these or any other conditions above
those indicated in the operation sections of this specification is not implied.  Exposure to absolute
maximum rating conditions for extended periods of time may affect reliability.
Range Temperature VCC
Commercial 0°C to +70°C 4.5V to 5.5V VCC1
Industrial -40°C to +85°C 4.5V to 5.5V VCC1
RECOMMENDED DC OPERATING CONDITIONS
(Over the operating range*)
PARAMETER SYMBOL MIN TYP MAX UNITS NOTES
Supply Voltage VCC 4.5 5.0 5.5 V
Logic 1 VIH 2.2 VCC + 0.3 V
Logic 0 VIL -0.5 +0.8 V
VBAT Battery Voltage VBAT 2.0 3.5 V
*Unless otherwise specified.
DC ELECTRICAL CHARACTERISTICS
(Over the operating range*)
PARAMETER SYMBOL MIN TYP MAX UNITS NOTES
Input Leakage (SCL) ILI 1 !A
I/O Leakage (SDA &
SQW/OUT)
ILO 1 !A
Logic 0 Output (IOL = 5mA) VOL 0.4 V
Active Supply Current ICCA 1.5 mA 7
Standby Current ICCS 200 !A 1
Battery Current (OSC ON);
SQW/OUT OFF
IBAT1 300 500 nA 2
Battery Current (OSC ON);
SQW/OUT ON (32kHz)
IBAT2 480 800 nA
Power-Fail Voltage VPF 1.216 x VBAT 1.25 x VBAT 1.284 x VBAT V 8
*Unless otherwise specified.
DS1307
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AC ELECTRICAL CHARACTERISTICS
(Over the operating range*)
PARAMETER SYMBOL MIN TYP MAX UNITS NOTES
SCL Clock Frequency fSCL 0 100 kHz
Bus Free Time Between a STOP and
START Condition
tBUF 4.7 !s
Hold Time (Repeated) START Condition tHD:STA 4.0 !s 3
LOW Period of SCL Clock tLOW 4.7 !s
HIGH Period of SCL Clock tHIGH 4.0 !s
Set-up Time for a Repeated START
Condition
tSU:STA 4.7 !s
Data Hold Time tHD:DAT 0 !s 4,5
Data Set-up Time tSU:DAT 250 ns
Rise Time of Both SDA and SCL Signals tR 1000 ns
Fall Time of Both SDA and SCL Signals tF 300 ns
Set-up Time for STOP Condition tSU:STO 4.7 !s
Capacitive Load for each Bus Line CB 400 pF 6
I/O Capacitance (TA = 25ºC)
CI/O 10 pF
Crystal Specified Load Capacitance
(TA = 25ºC)
12.5 pF
*Unless otherwise specified.
NOTES:
1. ICCS specified with VCC = 5.0V and SDA, SCL = 5.0V.
2. VCC = 0V, VBAT = 3V.
3. After this period, the first clock pulse is generated.
4. A device must internally provide a hold time of at least 300ns for the SDA signal (referred to the
VIHMIN of the SCL signal) in order to bridge the undefined region of the falling edge of SCL.
5. The maximum tHD:DAT has only to be met if the device does not stretch the LOW period (tLOW) of the
SCL signal.
6. CB – Total capacitance of one bus line in pF.
7. ICCA – SCL clocking at max frequency = 100kHz.
8. VPF measured at VBAT = 3.0V.
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Based on proven Simplicity® linear bearing technology, the 
Uni-Guide contain Frelon GOLD® self-lubricating bearing 
material. This material results in no metal to metal contact, 
while dampening vibrations and shock loads.  The Uni-Guide 
unique two-piece assembly eliminates tolerance stack up and 
the integrated lightweight packages can drop into existing 
applications making installation easy. Ideal for low cost 
automation, positioning tables and packaging equipment.
FEATURES & BENEFITS
• Two-piece assembly - lightweight and 
eliminates tolerance stack
• Self-lubricating - Frelon GOLD® provides 
low wear, low friction, and high strength
• Lengths up to 10’ - butt-joinable for longer lenghts
• Mounting Flexibility 
- Pre-drilled rails 
- T-slots & mounting holes on carriages
- Side or top mounting 
• Easy drop in unit - no alignment needed
• Drive options 
- Ball
- Lead screw (includes motor and drive)
- Belt Driven
• Corrosion-Resistant - ideal in washdown environments
• Pre-engineered - ready to use
ACCESSORIES*
• Hand Brake & Crank • Motor Mount    
• Vise Block  • End Block 
• Ratchet Pin  • Pin Lock Clamp
APPLICATION EXAMPLES
Uni-Guide
Product Overview
Uni-Guide
* Optional confi gurations and special carriages are available. Contact manfuracturer for availability.
Uni-Guide Ratchet
PRODUCT OVERVIEW
Two-piece 
linear guide
Flexible t-slot 
mounting system
Frelon GOLD® Liner
60% less friction
Ceramic coated rail
Self- Centering Vice 
Pin-Lock Quick
Positioning Clamp 
(Application examples require accessories. Contact manufacturer for availability)
 UNLIMITED DESIGN OPTIONS
AND VERSATILITY.
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Technical & Ordering Information
F
Fz
F
CL of My CL of Mx
CL of Mz
F
F
Mx
Mz
F
F
My
CL of My
Mz
STATIC LOADS WITH NO DRIVE MECHANISM
The numbers below are for guides only in a static condition. The drive mechanism selected (lead screw, ball screw, cylinder, etc.)
becomes the limiting factor when calculating maximum load and speed capacities. The user is responsible for determining the 
maximum capacity for the complete system based on the manufacturer’s data for their drive confi guration.
2X max. 
X
Load or
Force
If the drive mechanism 
(lead screw, ball screw, 
cylinder, etc.) is centered on 
the carriage, the load may 
not exceed a 2:1 ratio to the 
length of the bearings or 
binding will occur.
Designs must also operate within the following dynamic parameters:
• Maximum Loads (P) = from charts above
• Maximum Speed Dry (V) = 300 ft./min. (1.524 m/s)
• Maximum PV (pressure x velocity) = 20,000 (0.70 N/mm2 x m/s)
• PV Example:  Load = 85 psi
  Speed = 180 ft./min.
  PV = 85 x 180 = 15,300 PV
NOTE:  Frelon GOLD® bearing material coeffi cient of friction is 0.125.
SIZE
F
MAX LOAD
(lbs.)
F
MAX LOAD 
(N)
D075 500 2,224
D100 750 3,336
D125 1,000 4,448
SIZE
F
MAX LOAD
(lbs.)
F
MAX LOAD 
(N)
D075 125 556
D100 190 845
D125 250 1,112
SIZE
F
MAX LOAD
(lbs.)
My
(in./lbs.)
Mz
(in./lbs.)
F
MAX LOAD
(N)
My
(Nm)
Mz
(Nm)
D075 250 340 350 1,112 38 40
D100 375 650 730 1,668 73 82
D125 500 1,200 1,225 2,224 136 138
SIZE
My
(in./lbs.)
Mx
(in./lbs.)
My
(Nm)
Mx
(Nm)
D075 340 350 38 40
D100 650 730 73 82
D125 1,200 1,225 136 138
D L M 100 A CHB xxx P M
Mounting Hole Options
No Entry - Standard Inch Sizes
M - Metric Size Mounting Holes
Carriage Options
No Entry - Standard Carriage
L - Extended Length Carriage
Nominal Size
75mm,  100mm,  125mm
Based on mm from shaft center-to-center
Drive Mounting Options
No Entry - No Drive Mounting Options
H - Hand Crank
N - NEMA Standard Motor Mount (See pages 196-198  for specifications.)
HB - Handbrake (requires handcrank and screw)
CHB - Carriage Handbrake (not offered with screw driven options)
Drive Options
No Entry - No Drive Mechanism
A - Right Hand Lead Screw with Standard Pitch
A1 - Right Hand Lead Screw with Optional Pitch (See pages 196-198 for specifications.)
Notes: Screw options require attaching collar.
Call the factory for other optional drive mechanisms.
Data Entry Option
No Entry - No Options
M - Optional MMI Keypad
      (Man-to-Machine Interface) 
X # of Carriages
Overall Rail Length
“D” Series - enter length of rail in inches xxx.xxx (EX: 6” = 006.000)
“DM” Series - enter length of rail in mm xxxx (EX: 3500mm = 0350
Power and Control Options
No Entry - No Power Options
P - Standard Motor with Motor Mount, Programmable Drive, 
Cables and Software (must have “N” in Drive Mounting Option)
Note: Kits available for NEMA motor
– –
Series
D - Standard Uni-Guides
ORDERING INFORMATION
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Uni-Guide
XY
C4
R4
C3
C
R
M
H
M1
R1
T2
T1
T
R2
L
C1
C2
PART NUMBER R R1 R2 X
R4
Y H C
C1 C2 C1 C2
C3
C4
M M1
L
BOLT SIZE STANDARD STANDARD EXTENDED EXTENDED BOLT SIZE MAX-FEET
D075-xxx 2.95 2 0.75 4 1/4 2 1.625 4.6 3.5 3 4.5 4 4 10-32 2.6 .819
12D100-xxx 3.94 2.6 1
6
5/16 3 2.125 6.1 4.5 3.75 6 5.25 5.25 1/4-20 3.5 1.02
D125-xxx 4.92 3.3 1.25 3/8 3 2.625 7.6 6 5.25 7.5 6.75 6.75 5/16-18 4.33 1.30
STANDARD INCH SERIES WITH NO DRIVE MECHANISM (inches)
PART NUMBER R R1 R2 X
R4
Y H C
C1 C2 C1 C2
C3
C4
M M1
L
BOLT SIZE STANDARD STANDARD EXTENDED EXTENDED BOLT SIZE MAX-FEET
DM075-xxx 75 51 20 120 M 6 60 41.3 117 85 73 110 98 105 M 5 66 16.5
3.66mDM100-xxx 100 66 25 150 M 8 75 54 155 115 95 150 130 135 M 6 89 26
DM125-xxx 125 84 30 200 M 10 100 66.7 193 150 130 190 170 175 M 8 110 33
METRIC SERIES WITH NO DRIVE MECHANISM (mm)
PART NO. T T1 T2
D075-xxx .590 .256 .236
D100-xxx
.661 .319 .268
D125-xxx
T-SLOT INFORMATION (inches)
PART NO. T T1 T2
DM075-xxx 15.0 6.5 6.0
DM100-xxx
16.8 8.1 6.8
DM125-xxx
T-SLOT INFORMATION (mm)
PART NO. 8" 12" 16" 18" 20" 24" 28" 30" 32" 36" 40" 42" 48"
D075-xxx X
X
X X
X
X X
X
X
XD100-xxx
X X X
D125-xxx
STANDARD LENGTHS CHART (inches)
PART NO. DRILL DEPTH TAP DEPTH
D075-xxx .159 .534 10-32 .440
D100-xxx .201
.750
1/4-20 .500
D125-xxx .257 5/16-18 .625
CARRIAGE TYPES
PART NO.
RAIL PER INCH STANDARD CARRIAGE EXTENDED CARRIAGE
(lbs.) (lbs.) (lbs.)
D075-xxx 0.19 0.98 1.26
D100-xxx 0.32 2.12 2.82
D125-xxx 0.48 4.56 5.7
WEIGHTS
Uni-Guide
Slides, Tables & Stages Assemblies
RAIL APPROXIMATE
D075 = .470 = 12mm
D100 = .630 = 16mm
D125 = .820 = 22mm
Straightness - ±.002”/ft 
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Uni-Guide - D100
Uni-Guide - D100
Slides, Tables & Stages 
PART NO.
STROKE
L L1 C1
NOMINAL
SCREW
DIA.
STANDARD
LEAD
OPTIONAL
LEAD
S Y T R4 W X Z H1 H2(L-C1) A A1
D100xx-12 7.5 12 14.61
4.5  1/2 0.250 0.500 0.314 3 6   5/16 0.5 1 4.56 2.5 2.500
D100xx-18 13.5 18 20.61
D100xx-24 19.5 24 26.61
D100x x-30 25.5 30 32.61
D100x x-48 25.5 30 32.61
LEAD OPTIONS "A" or "A1"
T R4Y
C1Z W
LX
ØS
L1
H2H1
DE
B
OPTIONAL MOTOR MOUNT ATTACHMENT
H
1.56
P
OPTIONAL HAND CRANK
D100
Maximum Load Chart 
Ef
fe
ct
iv
e 
Lo
ad
 (l
bs
.)
 
Linear Speed (in./sec.) 
600
500
400
300
200
100
0
50 10 15 20 25 30 35 
D100A
D100A1
D100A-xxx
Maximum Speed Chart 
M
ax
 S
pe
ed
 (i
n.
/s
ec
.)
 
Rail Length 
30
25
20
15
10
5
0
12 18 24 30 36 48 60 72 
D100A
D100A1
D100A-xxx
LOAD & SPEED DATA FOR STANDARD LEAD SCREW DRIVEN (HORIZONTAL ORIENTATION)
PART NO. MOTOR MOUNT B E D
100N NEMA 23 2.5 1.81 3.25
PART NO. P H
100H 2.31 2.25
OPTIONAL HAND BRAKE
PART NO. P H
DO100AHB 2.31 1.75
NOTE: Optional drives are available: ball screws, cylinders, linear motors, and belt drives.
4.57
2.50
4.3
NOTE: available only with optional hand crank
* See order codes on page 199 to 
integrate.
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Uni-Guide - DFG
Uni-Guide - DFG
Modular Guide
# of Carriages
Carriage Length
A =100
B = 150
C = 200
Rail Width 40/80
DFG10 XXXXXX
Length of Rail (in.)
X– – – X
DFG Series
10mm System
ORDERING INFORMATION
PART NUMBER
DIMENSIONAL INFORMATION LOAD DATA
C C1 C2 C3 C4 H L1 R1 R3 R4 Y
CARRIAGE
WEIGHT
RAIL
WEIGHT Fy Fz Mx My Mz
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (G) (G/mm) (N) (lbs.) (N) (lbs.) (N-m) (lbs.-in.) (N-m) (lbs.-in.) (N-m) (lbs.-in.)
DFG10CA-40A 73 100 87 60 M6 24 36.5 40 120 6.6 20 310 1.0 5039 1133 4031 1020 100 74 180 133 180 133
DFG10CA-40B 73 150 137 60 M6 24 36.5 40 120 6.6 20 370 1.0 5039 1133 4031 1020 100 74 305 225 305 225
DFG10CA-40C 107 200 187 60 M6 24 36.5 40 120 6.6 20 430 1.0 5039 1133 4031 1020 100 74 430 320 430 320
DFG10CA-80A 107 100 87 94 M6 24 53.5 80 120 6.6 20 360 1.4 5039 1133 4031 1020 184 136 180 132 180 132
DFG10CA-80B 107 150 137 94 M6 24 53.5 80 120 6.6 20 450 1.4 5039 1133 4031 1020 184 136 305 225 305 225
DFG10CA-80C 107 200 187 94 M6 24 53.5 80 120 6.6 20 530 1.4 5039 1133 4031 1020 184 136 430 320 430 320
NOTE: Apply a load reduction factor 0.25 on Fy rating if the system is used inverted.
• Self-lubricating- maintenance free
• Polymer inserts - smooth, replaceable, low cost
• Modular construction allow for multiple confi gurations 
• Multiple carriage and rail sizes
• Industry standard interchangeable
*Not for resale or distribution inside the European Union.
EXAMPLE: DFG10-40A-0500-1
Materials:
POM polymer insert
Anodized aluminum rails
Chromate plated die cast carriage
Anodized aluminum carriage plate
Working Temperatures: -40C to 90C (-40F to 195F) 
Coeffi cient of Friction: 0.1- 0.2
Maximum Velocity: 10 m/s (2000 fpm) for intermediate application 
and 8 m/s (1600 fpm) for continuous application
Maximum PV Value: 10,000 psi - fpm
DFG MODULAR GUIDE
My
Fy
y
Mx
x
Mz z Fz
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Document 6391KAC
Tolerances for Bronze Flanged Sleeve Bearings
For
Shaft Dia. OD
Tolerance for 
Shaft Dia. OD Tolerance
 3/16   5/16 +0.0010 to +0.0020 +0.0005 to +0.0015
 1/4   3/8 +0.001 to +0.002 +0.002 to +0.003
 5/16   7/16 +0.0010 to +0.0020 +0.0020 to +0.003
 5/16   9/16 +0.0015 to +0.0025 +0.002 to +0.003
 5/16   5/8 –0.001 to +0.000 +0.004 to +0.005
 3/8   1/2 +0.0010 to +0.0020 +0.002 to +0.003
 3/8   5/8 +0.001 to +0.002 +0.002 to +0.003
 7/16   9/16 +0.0005 to +0.0015 +0.0015 to +0.0025
 7/16   5/8 +0.0005 to +0.0015 +0.002 to +0.003
 1/2   5/8 +0.001 to +0.002 +0.002 to +0.003
 1/2   3/4 +0.001 to +0.002 +0.002 to +0.003
 5/8   3/4 +0.000 to +0.001 +0.002 to +0.003
 5/8   7/8 +0.001 to +0.002 +0.003 to +0.004
 3/4   7/8 +0.001 to +0.002 +0.003 to +0.004
 3/4  1 +0.001 to +0.002 +0.003 to +0.004
 7/8  11/8 +0.001 to +0.002 +0.002 to +0.003
1  11/4 +0.000 to +0.001 +0.001 to +0.002
11/4  11/2 +0.0025 to +0.0035 +0.003 to +0.004
13/8  15/8 +0.001 to +0.002 +0.0015 to +0.003
11/2  13/4 +0.003 to +0.004 +0.0035 to +0.005
13/4  21/4  +0.0015 to +0.003 +0.003 to +0.004
SAE 841—6338K
Length Tolerance
 1/4 ±0.005
 3/8 ±0.005
 1/2 ±0.005
 5/8 ±0.005
 3/4 ±0.005
1 ±0.005
11/4 ±0.005
11/2 ±0.005
21/2 ±0.0075
Graphite SAE 841—9440T
For
Shaft Dia. OD
Tolerance for 
Shaft Dia. OD Tolerance
 3/16   5/16 +0.001 to +0.002 +0.002 to +0.003 
 1/4   3/8 +0.001 to +0.002 +0.002 to +0.003
 5/16   7/16 +0.001 to +0.002 +0.002 to +0.003
 3/8   1/2 +0.001 to +0.002 +0.002 to +0.003
 3/8   5/8 +0.001 to +0.002 +0.002 to +0.003
 7/16   9/16 +0.001 to +0.002 +0.002 to +0.003
 7/16   5/8 +0.001 to +0.002 +0.002 to +0.003
 1/2   5/8 +0.001 to +0.002 +0.002 to +0.003
 1/2   3/4 +0.001 to +0.002 +0.002 to +0.003
 5/8   3/4 +0.001 to +0.002 +0.002 to +0.003
 5/8   7/8 +0.001 to +0.002 +0.003 to +0.004
 3/4   7/8 +0.001 to +0.002 +0.003 to +0.004
 3/4  1 +0.001 to +0.002 +0.003 to +0.004
 7/8  11/8 +0.001 to +0.002 +0.003 to +0.004
1  11/4 +0.002 to +0.003 +0.003 to +0.004
11/4  11/2 +0.0025 to +0.0035 +0.003 to +0.004
11/2  13/4  +0.003 to +0.004    +0.0035 to +0.005
13/4  21/4   +0.0025 to +0.004    +0.0035 to +0.005
Length Tolerance
 1/4 ±0.005
 3/8 ±0.005
 1/2 ±0.005
 5/8 ±0.005
 3/4 ±0.005
1 ±0.005
11/4 ±0.005
11/2 ±0.0075
21/2 ±0.0075
(Continued on following page)
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7. Bearing Fits
7.1 Interference
For rolling bearings the bearing rings are fixed on the shaft or
in the housing so that slip or movement does not occur between
the mated surface during operation or under load. This relative
movement (sometimes called creep) between the fitted
surfaces of the bearing and the shaft or housing can occur in
a radial direction, or in an axial direction, or in the direction of
rotation. This creeping movment under load causes damage
to the bearing rings, shaft or housing in the form of abrasive
wear, fretting corrosion or friction crack. This, in turn, can also
lead to abrasive particles getting into the bearing, which can
cause vibration, excessive heat, and lowered rotational
efficiency. To ensure that slip does not occur between the fitted
surfaces of the bearing rings and the shaft or housing, the
bearing is usually installed with an interference fit.
The most effective interference fit is called a tight fit (or shrink
fit). The advantage of this “tight fit” for thin walled bearings is
that it provides uniform load support over the entire ring
circumference without any loss in load carrying capacity.
However, with a tight interference fit, ease of mounting and
dismounting the bearings is lost; and when using a non-
separable bearing as a non-fixing bearing, axial displacement
is impossible.
7.2 Calculation of interference
1) Load and interference
The minimum required amount of interference for inner
rings mounted on solid shafts when acted on by radial
loads, is found by formula (7.1) and (7.2).
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where,
ΔdF : Required effective interference (for load)   µm
d : Nominal bore diameter   mm
B : Inner ring width   mm
Fr : Radial load   N
Cor : Basic static rated load   N
2) Temperature rise and interference
To prevent loosening of the inner ring on steel shafts
due to temperature increases (difference between
bearing temperature and ambient temperature) caused
by bearing rotation, an interference fit must be given.
The required amount of interference can be found by
formula (7.3).
where,
ΔdT : Required effective interference (for temperature)
µm
ΔT : Difference between bearing temperature and
ambient temperature   °C
d : Bearing bore diameter   mm
3) Effective interference and apparent interference
The effective interference (the actual interference after
fitting) is different from the apparent interference derived
from the dimensions measured value. This difference is
due to the roughness or slight variations of the mating
surfaces, and this slight flattening of the uneven surfaces
at the time of fitting is taken into consideration. The
relation between the effective and apparent interference,
which varies according to the finish given to the mating
surfaces, is expressed by formula (7.4).
where,
Δdeff : Effective interference   µm
Δdf : Apparent interference   µm
G =1.0~2.5 µm for ground shaft
=5.0~7.0 µm for turned shaft
4) Maximum interference
When bearing rings are installed with an interference fit
on shafts or housings, the tension or compression stress
may occur. If the interference is too large, it may cause
damage to the bearing rings and reduce the fatigue life
of the bearing. For these reasons, the maximum amount
of interference should be less than 1/1000 of the shaft
diameter, or outside diameter.
  Δ Δd d TT = • •0 0015 7 3. ( . )LLLLLLLLL
  Δ Δd d Geff f= − LLLLLLLLLLL( . )7 4
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7.3 Fit selection
Selection of the proper fit is generally based on the following
factors:  1) the direction and nature of the bearing load, 2)
whether the inner ring or outer ring rotates, 3) whether the
load on the inner or outer ring rotates or not, 4) whether there
is static load or direction indeterminate load or not. For bearings
under rotating loads or direction indeterminate loads, a tight fit
is recommended; but for static loads, a transition fit or loose fit
should be sufficient (see Table 7.1).
The interference should be tighter for heavy bearing loads or
vibration and shock load conditions. Also, a tighter than normal
fit should be given when the bearing is installed on hollow
shafts or in housings with thin walls, or housings made of light
allows or plastic.
In applications where high rotational accuracy must be
maintained, high precision bearings and high tolerance shafts
and housings should be employed instead of a tighter
interference fit to ensure bearing stability. High interference
fits should be avoided if possible as they cause shaft or housing
deformities to be induced into the bearing rings, and thus
reduce bearing rotational accuracy.
Because mounting and dismounting become very difficult when
both the inner ring and outer ring of a non-separable bearing
(for example a deep groove ball bearing) are given tight
interference fits, one or the other rings should be given a loose
fit.
Table 7.1 Radial load and bearing fit
Inner ring : Rotating
Outer ring : Stationary
Load : Constantdirection
Inner ring : Stationary
Outer ring : Rotating
Load : Rotates withdirection outer ring
Inner ring : Stationary
Outer ring : Rotating
Load : Constantdirection
Inner ring : Rotating
Outer ring : Stationary
Load : Rotates withdirection outer ring
Rotating
inner ring
load
Static outer
ring load
Static inner
ring load
Rotating
outer ring
load
Inner ring : Tight fit
Outer ring : Loose fit
Inner ring : Loose fit
Outer ring : Tight fit
Static
load
Unbalanced
load
Static
load
Unbalanced
load
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7.4 Recommended fits
Metric size standard dimension tolerances for bearing shaft
diameters and housing bore diameters are governed by ISO
286 and JIS B 0401 (dimension tolerances and fits).
Accordingly, bearing fits are determined by the precision
(dimensional tolerance) of the shaft diameter and housing bore
diameter. Widely used fits for various shaft and housing bore
diameter tolerances, and bearing bore and outside diameters
are shown in Fig. 7.1.
Generally-used, recommended fits relating to the primary
factors of bearing shape, dimensions, and load conditions are
listed in Tables 7.2 through 7.5. Table 7.6 gives the numerical
values for housing and shaft fits.
The bore and outside diameter tolerances and tolerance ranges
for inch and metric tapered roller bearings are different.
Recommended fits and numerical values for inch tapered roller
bearings are shown in Table 7.8. For special fits or applications,
please consult NTN.
Table 7.2 General standards for radial bearing fits (JIS class 0, 6, 6X)
Table 7.2 (1)   Housing fits
Solid or split
housing
Solid housing
Outer ring static load
Direction
indeterminate load
Outer ring
rotating load
All load conditions
Heat conducted through shaft
Light to normal
Normal to heavy load
Heavy shock load
Light or variable load
Normal to heavy load
Heavy load (thin wall housing)
Heavy shock load
H7
G7
JS7
K7
M7
M7
N7
P7
Note:  Fits apply to cast iron or steel housings. For light alloy housings, a tighter fit than listed is normally required.
C6
C7
H7
H6
H8
M6 M7
N6 N7
P6 P7
p6
n6n5
m6m5
k6k5
h6h5
g6g5
Δdmp
ΔDmp
J6 J7
K6 K7
j6j5
class 0
class 0
Fig. 7.1
Shafts
Types of fits
Housing
Loose fit Transition fit Tight fit
Transition fit Tight fit
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~ 18 — — h5
18~100 ~ 40 — js6
100~200 40~140 — k6
— 140~200 — m6
~ 18 — — js5
18~100 ~ 40 ~ 40 k5
100~140 40~100 40~65 m5
140~200 100~140 65~100 m6
200~280 140~200 100~140 n6
— 200~400 140~280 p6
— — 280~500 r6
— 50~140 50~100 n6
— 140~200 100~140 p6
— 200~ 140~ r6
Table 7.2 (2)   Shaft fit
Bearing type Load conditions
Ball bearings
Cylindrical and
tapered roller
bearings
Spherical roller
bearings
Shaft diameter
mm
Shaft fits
Cylindrical
bore bearings
Rotating
inner ring
or
indeterminate
direction
load
Static
inner ring
load
Tapered bore
bearings
(With sleeve)
All load
All shaft diameters
All shaft diameters
All shaft diameters
Inner ring axial
displacement
required
Easy axial
displacement of
inner ring not
required
Very heavy or
shock load
g6
h6
h9/IT5
Normal to
heavy load
Light or
fluctuating
variable load
Note: 1.  All values and fits listed are for solid steel shafts.
2.  For radial bearings under axial loads, all shaft tolerance range classes are js6.
3.  Load classifications are as follows:
     LIght load:  Pr≤0.06 Cr
     Normal load:  0.06 Cr<Pr≤0.12 Cr
     Heavy load:  Pr>0.12 Cr
        where,
Pr:  Bearing equivalent load
Cr:  Bearing basic dynamic load rating
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Table 7.3 Solid type needle roller bearing fits
Table 7.3 (1)   Shaft fit
Conditions
Load
type Scale of load
Shaft
diameter
d   mm
Shaft
fits
Rotating
inner ring
or
indeterminate
direction
load
Static
inner ring
load
Light load
Normal load
Heavy load
and shock load
Medium & low
speed revolution,
light load
General application
When high rotation
accuracy is required
~ 50 j5
~ 50 k5
50~150 m5
150~ m6
~ 150 m6
150~ n6
All sizes g6
All sizes h6
All sizes h5
Table 7.3 (2)   Housing fit
Conditions Housingfits
Static inner
ring load
Outer ring
rotating
load
Normal to heavy load J7
Direction
indeterminate
load
Normal loads with split housings H7
Light loads M7
Normal loads N7
Heavy and normal loads P7
Light loads J7
Normal load K7
Very heavy or shock load M7
High demands on running accuracy
with light load K6
Table 7.4 Standard fits for thrust bearings
Table 7.4 (1)   Shaft fits
Load conditions Shaft diameter Shaft fits
All sizes js6
All sizes js6
~200 k6
200~400 m6
400~ n6
“Pure” axial load (All thrust bearings)
Static inner ring loads
Combined load:
spherical roller
thrust bearings
Inner ring rotating load or
direction indeterminate
Table 7.4 (2)   Housing fits
Load conditions Housing fits Remarks
—
H8
H7
K7
M7
“Pure” axial load:
All thrust bearings
When another bearing is used
to support radial load
Combined load:
spherical roller
thrust bearings
Outer ring rotating load or
direction indeterminate load
Static outer ring load
Clearance given between
outer ring and housing
Accuracy required with
thrust ball bearings
—
Relatively heavy
Normal usage conditions
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— 18 j5 — 40 k5
Shaft 18 100 k5 40 160 m5
100 160 m5 160 200 n5
Housing All Sizes H6 or J6 All sizes H6 or J6
Table 7.5 Fits for electric motor bearings
Shaft or
housing
Deep groove ball bearings Cylindrical roller bearings
Shaft or housing bore
diameter       mm
Shaft or housing bore
diameter       mm
over               incl. over               incl.
Fits Fits
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3 6 0 –8 4T~9L 4T~12L 8T~5L 8T~8L 11T~2L 10.5T~2.5L 14T~2L
6 10 0 –8 3T~11L 3T~14L 8T~6L 8T~9L 12T~2L 11T~3L 15T~2L
10 18 0 –8 2T~14L 2T~17L 8T~8L 8T~11L 13T~3L 12T~4L 16T~3L
18 30 0 –10 3T~16L 3T~20L 10T~9L 10T~13L 15T~4L 14.5T~4.5L 19T~4L
30 50 0 –12 3T~20L 3T~25L 12T~11L 12T~16L 18T~5L 17.5T~5.5L 23T~5L
50 80 0 –15 5T~23L 5T~29L 15T~13L 15T~19L 21T~7L 21.5T~6.5L 27T~7L
80 120 0 –20 8T~27L 8T~34L 20T~15L 20T~22L 26T~9L 27.5T~7.5L 33T~9L
120 140
140 160 0 –25 11T~32L 11T~39L 25T~18L 25T~25L 32T~11L 34T~9L 39T~11L
160 180
180 200
200 225 0 –30 15T~35L 15T~44L 30T~20L 30T~29L 37T~13L 40T~10L 46T~13L
225 250
250 280 0 –35 18T~40L 18T~49L 35T~23L 35T~32L 42T~16L 46.5T~11.5L 51T~16L280 315
315 355 0 –40 22T~43L 22T~54L 40T~25L 40T~36L 47T~18L 52.5T~12.5L 58T~18L355 400
400 450 0 –45 25T~47L 25T~60L 45T~27L 45T~40L 52T~20L 58.5T~13.5L 65T~20L450 500
d
(mm)
over incl.
Nominal bore
diameter of
bearing
lowhigh
Δdmp
Table 7.6 Fitting values for radial bearings, Class 0
Table 7.6 (1)   Shaft fit
g5
bearing     shaft
g6
bearing     shaft
h5
bearing     shaft
h6
bearing     shaft
j5
bearing     shaft
js5
bearing     shaft
j6
bearing     shaft
D
(mm)
over incl.
Nominal bore
diameter of
bearing
lowhigh
Δdmp
Table 7.6 (2)   Housing fit
G7
housing   bearing
H6 H7 J6 J7 Js7 K6
6 10 0 –8 5L~28L 0~17L 0~23L 4T~13L 7T~16L 7.5T~15.5L 7T~10L
10 18 0 –8 6L~32L 0~19L 0~26L 5T~14L 8T~18L 9T~17L 9T~10L
18 30 0 –9 7L~37L 0~22L 0~30L 5T~17L 9T~21L 10.5T~19.5L 11T~11L
30 50 0 –11 9L~45L 0~27L 0~36L 6T~21L 11T~25L 12.5T~23.5L 13T~14L
50 80 0 –13 10L~53L 0~32L 0~43L 6T~26L 12T~31L 15T~28L 15T~17L
80 120 0 –15 12L~62L 0~37L 0~50L 6T~31L 13T~37L 17.5T~32.5L 18T~19L
120 150 0 –18 14L~72L 0~43L 0-~58L 7T~36L 14T~44L 20T~38L 21T~22L
150 180 0 –25 14L~79L 0~50L 0~65L 7T~43L 14T~51L 20T~45L 21T~29L
180 250 0 –30 15L~91L 0~59L 0~76L 7T~52L 16T~60L 23T~53L 24T~35L
250 315 0 –35 17L~104L 0~67L 0~87L 7T~60L 16T~71L 26T~61L 27T~40L
315 400 0 –40 18L~115L 0~76L 0~97L 7T~69L 18T~79L 28.5T~68.5L 29T~47L
400 500 0 –45 20L~128L 0~85 0~108 7T~78L 20T~88L 31.5T~76.5L 32T~53L
housing   bearing housing   bearing housing   bearing housing   bearing housing   bearing housing   bearing
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Unit µm
js6
bearing       shaft
k5
bearing       shaft
k6
bearing       shaft
m5
bearing       shaft
m6
bearing       shaft
n6
bearing       shaft
p6
bearing       shaft
r6
bearing       shaft
12T~4L 14T~1T 17T~1T 17T~4T 20T~4T 24T~8T 28T~12T —
12.5T~4.5L 15T~1T 18T~1T 20T~6T 23T~6T 27T~10T 32T~15T —
13.5T~5.5L 17T~1T 20T~1T 23T~7T 26T~7T 31T~12T 37T~18T —
16.5T~6.5L 21T~2T 25T~2T 27T~8T 31T~8T 38T~15T 45T~22T —
20T~8L 25T~2T 30T~2T 32T~9T 37T~9T 45T~17T 54T~26T —
24.5T~9.5L 30T~2T 36T~2T 39T~11T 45T~11T 54T~20T 66T~32T —
31T~11L 38T~3T 45T~3T 48T~13T 55T~13T 65T~23T 79T~37T —
113T~63T
37.5T~12.5L 46T~3T 53T~3T 58T~15T 65T~15T 77T~27T 93T~43T 115T~65T
118T~68T
136T~77T
44.5T~14.5T 54T~4T 63T~4T 67T~17T 76T~17T 90T~31T 109T~50T 139T~80T
143T~84T
51T~16L 62T~4T 71T~4T 78T~20T 87T~20T 101T~34T 123T~56T 161T~94T165T~98T
58T~18L 69T~4T 80T~4T 86T~21T 97T~21T 113T~37T 138T~62T 184T~108T190T~114T
65T~20L 77T~5T 90T~4T 95T~23T 108T~23T 125T~40T 153T~68T 211T~126T217T~132T
Unit µm
K7
housing   bearing
M7 N7 P7
housing   bearing housing   bearing housing   bearing
10T~13L 15T~8L 19T~4L 24T~1T
12T~14L 18T~8L 23T~3L 29T~3T
15T~15L 21T~9L 28T~2L 35T~5T
18T~18L 25T~11L 33T~3L 42T~6T
21T~22L 30T~13L 39T~4L 51T~8T
25T~25L 35T~15L 45T~5L 59T~9T
28T~30L 40T~18L 52T~6L 68T~10T
28T~37L 40T~25L 52T~13L 68T~3T
33T~43L 46T~30L 60T~16L 79T~3T
36T~51L 52T~35L 66T~21L 88T~1T
40T~57L 57T~40L 73T~24L 98T~1T
45T~63L 63T~45L 80T~28L 108T~0
A-62
Technical Data
— 76.200 +13 0 +38 +26 38T~13T
— 3.0000 +5 0 +15 +10 15T~5T
76.200 304.800 +25 0 +64 +38 64T~13T
3.0000 12.0000 +10 0 +25 +15 25T~5T
— 76.200 +13 0
— 3.0000 +5 0
76.200 304.800 +25 0
3.0000 12.0000 +10 0
— 76.200 +13 0 0 –13 0~26L
— 3.0000 +5 0 0 –5 0~10L
76.200 304.800 +25 0 0 –25 0~51L
3.0000 12.0000 +10 0 0 –10 0~20L
— 76.200 +13 0 +13 0 13T~13L
— 3.0000 +5 0 +5 0 5T~5L
76.200 304.800 +25 0 +25 0 25T~25L
3.0000 12.0000 +10 0 +10 0 10T~10L
Table 7.7 Fits for inch series tapered roller bearing (ANSI class 4)
Table 7.7 (1)   Fit with shaft
Unit µm
0.0001 inch
Load conditions
Shaft diameter
d     mm, inch ΔdS
over incl.
Cone bore tolerance2)
high low
Shaft tolerance
high low
Extreme fits3)
max min
Rotating
cone load
Stationary
cone load
Normal loads,
no shock
Heavy loads or
shock loads
Cone axial
displacement on
shaft necessary1)
Cone axial
displacement on
shaft unnecessary
Use average tight cone fit of 0.5µm/mm,
(0.0005 inch/inch) of cone bore, use a
minimum fit of 25µm, 0.0010 inch tight.
Table 7.7 (2)   Fit with housing
Unit µm
0.0001 inch
Load conditions
Housing  bore
diameter mm, inch
over incl.
Cup O.D. tolerance1)
high low
Housing bore
tolerance
high low
Extreme fits2)
max min
Rotating
cup  load
Stationary cup  load
Light and normal
loads: cup easily
axially displaceable
Light and normal
loads: cup axially
adjustable
Heavy loads: cup
not axially
displaceable
Cup not axially
displaceable
1) Applies only to ground shafts.
2) For bearings with negation deviation indicated in bearing tables, same fit applies.
3) T=tight, L=loose, d=cone bore, mm, inch
Note:  For bearings higher than class 2, consult NTN.
1) For bearings with negation deviation indicated in bearing tables, same fit applies.
2) T=tight, L=loose
Note:  For bearings higher than class 2, consult NTN.
— 76.200 +25 0 +76 +50 25L~76L
— 3.0000 +10 0 +30 +20 10L~30L
76.200 127.000 +25 0 +76 +50 25L~76L
3.0000 5.0000 +10 0 +30 +20 10L~30L
127.000 304.800 +25 0 +76 +50 25L~76L
5.0000 12.0000 +10 0 +30 +20 10L~30L
— 76.200 +25 0 +25 0 25T~25L
— 3.0000 +10 0 +10 0 10T~10L
76.200 127.000 +25 0 +25 0 25T~25L
3.0000 5.0000 +10 0 +10 0 10T~10L
127.000 304.800 +25 0 +51 0 25T~51L
5.0000 12.0000 +10 0 +20 0 10T~20L
— 76.200 +25 0 –13 –39 64T~13T
— 3.0000 +10 0 –5 –15 25T~5T
76.200 127.000 +25 0 –25 –51 76T~25T
3.0000 5.0000 +10 0 –10 –20 30T~10T
127.000 304.800 +25 0 –25 –51 76T~25T
5.0000 12.0000 +10 0 –10 –20 30T~10T
— 76.200 +25 0 –13 –39 64T~13T
— 3.0000 +10 0 –5 –15 25T~5T
76.200 127.000 +25 0 –25 –51 76T~25T
3.0000 5.0000 +10 0 –10 –20 30T~10T
127.000 304.800 +25 0 –25 –51 76T~25T
5.0000 12.0000 +10 0 –10 –20 30T~10T
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— 304.800 +13 0 +31 +18 31T~5T
— 12.0000 +5 0 +12 +7 12T~2T
— 76.200 +13 0
— 3.0000 +5 0
76.200 304.800 +13 0
3.0000 12.0000 +5 0
— 304.800 +13 0 +31 +18 31T~5T
— 12.0000 +5 0 +12 +7 36T~2T
precision machine
tool spindles
Table 7.8 Fits for inch series tapered roller bearing (ANSI classes 3 and 0)
Table 7.8 (1)   Fit with shaft
Unit µm
0.0001 inch
Load conditions
Shaft diameter
mm, inch
over incl.
Cone bore2)
tolerance
high low
Shaft tolerance
high low
Extreme fits3)
max min
Rotating
cone load
Stationary
cone load
heavy loads, or high
speed or shock
precision machine
tool spindles
Use minimum tight cone fit of 0.25µm/mm
0.00025 inch/inch) of cone bore.
Note:  Must be applied for maximum bore dia. 241.300mm (9.500 inch) in case of class 0 product.
Table 7.8 (2)   Fit with housing
Unit µm
0.0001 inch
Load conditions
Housing  bore
diameter mm, inch
over incl.
Cup O.D. tolerance
high low
Housing bore
tolerance
high low
Extreme fits2)
max min
Rotating
cup load
Stationary cup load
Floating
Clamped
Adjustable
Nonadjustable
or in carriers
Note 1) T=tight, L=loose
2) Must be applied for maximum cup OD 304.800mm (12.000 inch) case of class 0 product.
— 152.400 +13 0 +38 +26 13L~38L
— 6.0000 +5 0 +15 +10 5L~15L
152.400 304.800 +13 0 +38 +26 13L~38L
6.0000 12.0000 +5 0 +15 +10 5L~14L
— 152.400 +13 0 +25 +13 0~25L
— 6.0000 +5 0 +10 +5 0~10L
152.400 304.800 +13 0 +25 +13 0~25L
6.0000 12.0000 +5 0 +10 +5 0~10L
— 152.400 +13 0 +13 0 13T~13L
— 6.0000 +5 0 +5 0 5T~5L
152.400 304.800 +13 0 +25 0 13T~25L
6.0000 12.0000 +5 0 +10 0 5T~10L
— 152.400 +13 0 0 –12 25T~0
— 6.0000 +5 0 0 –5 10T~0
152.400 304.800 +13 0 0 –25 38T~0
6.0000 12.0000 +5 0 0 –10 15~0
— 152.400 +13 0 –13 –25 38T~13T
— 6.0000 +5 0 –5 –10 15T~5T
152.400 304.800 +13 0 –13 –38 51T~13T
6.0000 12.0000 +5 0 –5 –15 20T~5T
Nonadjustable
or in carriers
Note 1) T=tight, L=loose
2) Must be applied for maximum cup OD 304.800mm (12.000 inch) case of class 0 product.
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Double Flange Linear Bearings contiuned
Part No. A B C D E F G H J K L M N P Q R S T* Lbs.
6723  2.000 .312 2.630 .406 .812 .312 3.937 .656 3.250 .812 1.218 .906 1.875 .437 1.000 — .343 .094 .250
6423** 2.000 .312 2.630 .406 .812 .312 3.937 .656 3.250 .812 1.218 .906 1.875 .437 1.000 — .343 .094 .250
6724 2.000 .312 2.630 .406 .812 .312 3.937 .656 3.250 .812 1.218 .906 4.000 .500 1.000 1.000 .343 .094 .525
6424** 2.000 .312 2.630 .406 .812 .312 3.937 .656 3.250 .812 1.218 .906 4.000 .500 1.000 1.000 .343 .094 .525
6823 3.000 .500 4.000 .640 1.235 .375 5.500 .750 4.750 1.250 1.875 1.500 2.812 .656 1.500 — .375 .125 .810
6523** 3.000 .500 4.000 .640 1.235 .375 5.500 .750 4.750 1.250 1.875 1.500 2.812 .656 1.500 — .375 .125 .810
6824 3.000 .500 4.000 .640 1.235 .375 5.500 .750 4.750 1.250 1.875 1.500 6.000 .750 1.500 1.500 .375 .125 1.705
6524** 3.000 .500 4.000 .640 1.235 .375 5.500 .750 4.750 1.250 1.875 1.500 6.000 .750 1.500 1.500 .375 .125 1.705
*10 Series: Add 1.00" when using 2020 profile or 3.00" when using 2040 profile.
*15 Series: Add 1.50” when using 3030 profile or 4.50” when using 3060 profile.
** Brake Kit Ready Bearings are pre-drilled with brake holes, refer to page 527 for additional information.
 = 10 Series Compatible Part
6723   6823 6724   6824
• Bearings include bearing pads, screws and shims
A.15 80/20 T-Slotted Aluminum
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1530 T-Slotted Profile - 15 Series
• Compatible with all 15 Series fasteners
• Six open T-slots for mounting accessories
• The center cavity can be pressurized up to  
 150 psi; refer to pages 451-453
• Ideal for machine guards, sound enclosures,  
 work benches, displays and panel mount racks
• Compatibility Code*: 8-15
Quick Machining Reference
Machining Service Service Number
Cut to Length 7020 (see page 563)
.295” Access Hole 7050 (see page 565)
Anchor Counterbore 7040 (see page 567)
Tap Profile End 7045 (see page 564)
Part No. 1530
Material 6105-T5
Finish Clear Anodized
Weight Per Foot 2.4209 Lbs.
Stock Length (+/- .125”)
97" - Part No. 1530-97
145" - Part No. 1530-145
242” - Part No. 1530-242
Moment Of Inertia
IX=1.8042"4
IY=.4824"4
Estimated Area 2.0798 Sq. In.
** See 2° Drop-Lock information on page 150.
* See Compatibility Code information on page 152.
**
48” - Part No. 1530-48 72” - Part No. 1530-72
• Pre-cut, ready to ship
• Cut to our standard tolerance of +/- .015”
• One part number, one price (includes cut charge)
Pre-Cut Lengths
Appendix B
Source Code
B.1 Final Hybridized Control Source Code
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B.2 Azimuth and Elevation Angles to x and y Position of Linear
Actuator Slides
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function [x,y] = aziele2xy(azi,ele,l1,l2,xlims,ylims,args) 
  
%% This function converts given azimuth and elevation angles to X and Y 
%% actuator positions for the low-profile T-Tracker solar tracker. 
%% Copyright Team Helios 2012. Code written by Laughlin Barker BSME 2012. 
%%  
%% Input arguments are as follows: 
% 
%   azi = azimuth of sun 
%   ele = elevation of sun 
%   l1 = l1 length of the tracker (riser arm) 
%   l2 = l2 of the tracker (distance b/t two mirror mount/piviot points) 
%   xlims = [xmin, xmax] min and max of X shuttle piviot point 
%   ylims = [ymin, ymax] min and max of Y shuttle piviot point 
%   args = [Ori, offset] 
  
%   (TRACKER TOP VIEW) 
%         Oir = orientation of "T" of tracker (normally 180 deg) 
%            ^ 
%            | 
%            | 
%            | 
%            |   ^ +y 
%            |   | 
%            |  _|_ 
% ___________|____________ 
%             
%            |----> +x 
  
error(nargchk(4,7,nargin,'string')); 
  
if nargin == 4 
    args = [180 0]; 
    xlims = [-1e6 1e6]; 
    ylims = [0 1e6]; 
end 
  
% Convert to theta and phi coordoinate system 
theta = abs(azi - 180); 
phi = 90 - ele; 
  
a = secd(theta).^2; 
b = -2 * secd(theta) .* cosd(phi) .* l2; 
c = l2^2 - l1^2; 
  
y = (-b + (b.^2 - 4*a*c).^.5) ./ (2*a); 
x = tand(theta) .* y; 
  
if azi<180 
    x = x; 
else 
    x = -x; 
end 
  
if y<ylims(1) 
    disp('Warning!!, Y min of your actuator was exceeded (elevation angle is 
too low)'); 
elseif y>ylims(2) 
    disp('Warning!!, Y max of your actuator was exceeded (elevation angle too 
large)'); 
elseif x<xlims(1) | x>xlims(2) 
    disp('Warning!! X max/min of your actuator was exceeded (azimuth out of 
range)'); 
end 
 
 
B.3 x and y Position of Linear Actuator Slides to θ and φ
163
function [azi,ele] = xy2thetaphi(x,y,l1,l2,xlims,ylims,args) 
%% 
%%  This function converts X and Y actuator locations to azimuth and 
%%  elevation angles for the low-profile T-Tracker solar tracker.  
%%  Copyright Team Helios 2012. Code written by Laughlin Barker BSME 2012.  
%%   
%%  x and y may be row or string vectors.  
%% 
%%  Input arguments are as follows: 
%%   
%   x = distance along x actuator 
%   y = distance along y actuator 
%   l1 = l1 of the tracker (riser arm) 
%   l2 = l2 of the tracker (distance between two mirror mount points 
%   xlims = [xmin, xmax] min and max of X shuttle piviot point 
%   ylims = [ymin, ymax] min and max of Y shuttle piviot point 
%   args = [Ori, offset (angle)] 
  
%    (TRACKER TOP VIEW) 
%         Oir = orientation of "T" of tracker (normally 180 deg) 
%            ^ 
%            | 
%            | 
%            | 
%            |   ^ +y 
%            |   | 
%            |  _|_ 
% ___________|____________ 
%             
%            |----> +x 
  
  
  
error(nargchk(4,7,nargin,'string')); 
  
% If no additional input arguments are supplied, assume a true south 
% orientation and zero angular offset 
if nargin == 4 
    args = [180 0]; 
    xlims = [-1e6 1e6]; 
    ylims = [0 1e6]; 
end 
  
% Math to compute intermediate theta and phi angles which are added or 
% subtracted to get azimuth and elevation angles. 
theta = abs(atand(x./y)); 
H = (x.^2 + y.^2).^.5; 
phi = acosd((l1^2 - H.^2 - l2^2) ./ (-2 * H * l2)); 
theta 
  
  
if x<0 
    xsign = 'neg'; 
elseif x>0 
    xsign = 'pos'; 
else 
    xsign = 'zero'; 
end 
  
if y<0 
    ysin = 'neg' 
else 
    ysin = 'pos' 
end 
  
  
Ori = args(1); 
  
switch xsign 
    case 'neg' 
        azi = Ori + theta; 
    case 'pos' 
        azi = Ori - theta; 
    case 'zero' 
        azi = Ori; 
end 
  
if y<0 && x<0 
    azi = Ori + 90 + theta; 
elseif y<0 && x>0 
    azi = theta + (Ori - 180); 
end 
  
if y<ylims(1) 
    disp('Warning!!, Y min of your actuator was exceeded (elevation angle is 
too low)'); 
elseif y>ylims(2) 
    disp('Warning!!, Y max of your actuator was exceeded (elevation angle too 
large)'); 
elseif x<xlims(1) | x>xlims(2) 
    disp('Warning!! X max/min of your actuator was exceeded (azimuth out of 
range)'); 
end 
  
Orientation = args(1) 
offset = args(2) 
ele = 90 - (phi+offset); 
 
 
B.4 Force Calculation Source Code
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% Tracker input args 
l1 = 5.53; 
l2 = 4.95; 
% End tracker input args 
  
% Location input args. 
location.altitude = 10; 
location.longitude = -121.952; 
location.latitude = 37.3414;        % For SCU 
% End location input args 
  
aziJun = []; 
zenJun = []; 
aziDec = []; 
zenDec = []; 
timespan = 1:23; 
  
%fixed time args 
time.year = 2012; 
time.UTC = -8;              %for PST 
%end fixed time args 
  
%%% 
time.month = 6; 
time.day = 21;              %summer solstice 
%%% 
  
% This will cycle through one full day at above defined location. 
for hour = 1:23; 
    time.hour = hour;       %for loop cant run on structured var 
    for min = 30; 
        time.min = min; 
        for sec = 30; 
             
            time.sec = sec; 
            sun = sun_position(time,location); 
            aziJun= [aziJun, sun.azimuth]; 
            zenJun = [zenJun, sun.zenith];         
        end 
    end 
end 
  
%%% 
time.month = 12; 
time.day = 21;              %winter solstice 
%%% 
  
for hour = 1:23; 
    time.hour = hour; 
    for min = 30; 
        time.min = min; 
        for sec = 30; 
             
            time.sec = sec; 
            sun = sun_position(time,location); 
            aziDec= [aziDec, sun.azimuth]; 
            zenDec = [zenDec, sun.zenith]; 
             
        end 
    end 
end 
  
%convert zenith to elevation 
eleJun = 90 - zenJun; 
eleDec = 90 - zenDec; 
  
%convert elevation to radians 
eleJunr = eleJun*(pi/180); 
eleDecr = eleDec*(pi/180); 
  
%convert azimuth to radians 
aziJunr = (aziJun*pi/180); 
aziDecr = (aziDec*pi/180); 
  
%weight of dish + structure 
wm=40; 
%distance between x axis arm and center of gravity 
d1=8.285; 
%distance between y axis joint and center+gravity 
d2=9.714; 
%elevation angle 
phi=eleJunr'; 
%azimuth angle 
theta=pi/2+aziJunr'; 
  
%reaction forces to support the regular structure 
Fdz=wm; 
Fdp=62.428*pi*.5^2*3.5; %7.85 g/cm^3 for steel 
Fdzt=Fdz+Fdp; 
Fdztt(1:23)=Fdz+Fdp; 
Fdztx=Fdztt'; 
A=(2/3*35*3.*cos(theta)+1/2*pi*(35/2)^2.*sin(theta)); 
P=0.004*40^2;   %Wind at 40 MPH 
Cd=1.1*sin(theta) 
Fdy=A.*P.*Cd; 
FdT=sqrt((Fdy.^2)+(Fdztx.^2)).*4.4482216152605; 
  
%reaction forces to support the our structure 
F1=wm.*d2.*sin(pi/2-phi)/(d1+d2); 
F2=(wm./cos(phi))-F1; 
F1x=F1.*sin(phi).*sin(theta); 
F1y=F1.*sin(phi).*cos(theta); 
F1z=F1.*cos(phi); 
F2x=F2.*sin(phi).*sin(theta); 
F2y=F2.*sin(phi).*cos(theta); 
F2z=F2.*cos(phi); 
Fytc=[F2x;F2y;F2z]; 
%Wind from Directly South 
A=2/3*35*3.*cos(theta)+1/2*pi*(35/2)^2.*sin(theta); 
P=.00256*40^2;   %Wind at 40 MPH 
Cd=1.1*sin(theta); 
Fw=A.*P.*Cd; 
%F1y=F1y-Fw; 
F2y=F2y+Fw; 
%reaction forces on the joint to support structure 
Fxtrx=-F1x; 
Fxtry=-F1y; 
Fxtrz=-F1z; 
Fytrx=-F2x; 
Fytry=-F2y; 
Fytrz=-F2z; 
%weight of joint 
mj=0.27; 
%length of joint (inches) 
lj=3; 
ljx=lj.*sin(phi).*sin(theta); 
ljy=lj.*sin(phi).*cos(theta); 
ljz=lj.*cos(phi); 
%force to support joint 
Fxtjx=-Fxtrx+0; 
Fxtjy=-Fxtry+0; 
Fxtjz=-Fxtrz+mj; 
Fytjx=-Fytrx+0; 
Fytjy=-Fytry+0; 
Fytjz=-Fytrz+mj; 
%moments around joint 
Mxtjx=-ljz.*Fxtry+ljy.*Fxtrz+(ljy./2)*-mj; 
Mxtjy=ljz.*Fxtrx+(-ljx).*Fxtrz+(-ljx./2)*-mj; 
Mxtjz=-ljy.*Fxtrx+ljx.*Fxtry; 
Mytjx=-ljz.*Fytry+ljy.*Fytrz+ljy*-mj; 
Mytjy=ljz.*Fytrx+(-ljx).*Fytrz+(-ljx)*-mj; 
Mytjz=-ljy.*Fytrx+ljx.*Fytry; 
%reaction forces/moments on arm of joint to slider 
Fxtjrx=-Fxtjx; 
Fxtjry=-Fxtjy; 
Fxtjrz=-Fxtjz; 
Fytjrx=-Fytjx; 
Fytjry=-Fytjy; 
Fytjrz=-Fytjz; 
Mxtjrx=-Mxtjx; 
Mxtjry=-Mxtjy; 
Mxtjrz=-Mxtjz; 
Mytjrx=-Mytjx; 
Mytjry=-Mytjy; 
Mytjrz=-Mytjz; 
%mass of arm 
ma=5.22; 
%length of arm 
la=19.8; 
lax=la.*sin(phi).*sin(theta); 
lay=la.*sin(phi).*cos(theta); 
laz=la.*cos(phi); 
%forces/moment to support arm 
Fxtax=-Fxtjrx+0; 
Fxtay=-Fxtjry+0; 
Fxtaz=-Fxtjrz+mj; 
Mxtax=-ljz.*Fxtjry+ljy.*Fxtjrz+ljy./2*(-ma)+Mxtjx; 
Mxtay=ljz.*Fxtjrx-ljx.*Fxtjrz-ljx./2*(-ma)+Mxtjy; 
Mxtaz=-ljy.*Fxtjrx+ljx.*Fxtjry+Mxtjz; 
%reaction force on slider from arm 
Fxtarx=-Fxtax; 
Fxtary=-Fxtay; 
Fxtarz=-Fxtaz; 
Mxtarx=-Mxtax; 
Mxtary=-Mxtay; 
Mxtarz=-Mxtaz; 
%forces/moments to support the slider 
Fxsx=-Fxtarx+0; 
Fxsy=-Fxtary+0; 
Fxsz=-Fxtarz+mj; 
Fysx=-Fytjrx+0; 
Fysy=-Fytjry+0; 
Fysz=-Fytjrz+mj; 
lc=[0 -3 0;3 0 0;0 0 0]; 
Mxsx=-3*Fxtary+0+Mxtarx; 
Mxsy=3*Fxtarx+0+Mxtary; 
Mxsz=0+0+Mxtarz; 
Mysx=-3.*Fytjry+0+Mytjrx; 
Mysy=3.*Fxtjrx+0+Mytjry; 
Mysz=0+0+Mxtjrz; 
Fxsx=(Fxsx)'; 
Fxsy=(Fxsy)'; 
Fxsz=(Fxsz)'; 
%Total Force on X Slider 
FxT=sqrt((Fxsx.^2)+(Fxsy.^2)+(Fxsz.^2))*4.4482216152605; 
%Total Force on Y Slider 
FyT=sqrt((Fysx.^2)+(Fysy.^2)+(Fysz.^2))*4.4482216152605; 
figure 
plot(timespan,FxT,'r'); 
hold on; 
plot(timespan,FyT,'b'); 
plot(timespan,FdT,'g'); 
xlabel('Time of Day'); 
ylabel('Force [N]'); 
title({'Forces on Critical Parts of Summer Solstice'}); 
legend('Y Axis','X Axis','Typical Trackers'); 
  
  
  
  
  
 
 
Appendix C
Schematics
C.1 Functional Electrical System Schematic
171
172
C.2 Double H-Bridge Schematic
C.3 Arduino Mega 2560 Reference Design
173
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Appendix D
Sketches and Calculations
D.1 Actuator space to azimuth-elevation space conversions
177


D.2 ACME Lead Screw Torque Calculator
180
MOD9_1.XLS
Module 5-1
Torques required to operate a power screw.
W = 1000 Load to be lifted
Nt = 4.00 Number of threads
p = 0.20 Pitch of the screw
rt = 0.45 Screw pitch radius
! = 14.50 degrees Thread angle
rc = 1.00 Mean collar radius
µ1 = 0.12 Coefficient of thread friction
µ2 = 0.12 Coefficent of collar friction
Intermediate values computed:
L = 0.8 Lead of screw
" = 15.80 degrees Helix angle
!n = 13.97 degrees Normal thread angle
Results found:
Traise = 309.6 Raising torque (Eqn. 12a)
Tlower= 50.7 Lowering Torque (Eqn. 14)
If the lowering torque is negative, the system is overhauling.  When this
  happens, a means must be provided to lock the system in place.
 
D.3 Solar Position Algorithm
182
Converting RA and DEC to ALT and AZ
[Root]
Contents
Overview
Calculator notes
Days before J2000
Local Siderial Time
Hour Angle
HA and DEC to ALT and AZ
Books
Exercise
Overview
[Top]
"Today, the latitude and longitude lines govern with more authority than I could have imagined forty
odd years ago, for they stay fixed as the world changes its configuration underneath them - with
continents adrift across a widening sea, and national boundaries repeatedly redrawn by war or
peace"
-Dava Sobel Longitude
This page is concerned with astronomical calculations. You will find out how to calculate the Azimuth
(AZ) and Altitude (ALT) of an object in the sky if you know the date, time (UT) and the location of
your observing site together with the Right Ascension (RA) and Declination (DEC) of the object. You
do not actually need to calculate positions these days - there are lots of computer programs which will
do the work for you - but calculating a position at least once may give a better insight into how the
coordinate systems work. I tend to reflect on the sheer hard labour involved before the invention of
calculators and computers!
As a concrete example, I shall calculate the ALT and AZ of the Messier object M13 for 10th August
1998 at 2310 hrs UT, for Birmingham UK. The RA and DEC of M13 are given as;
            RA  = 16 h 41.7 min
            DEC = 36 d 28   min
according to The Cambridge Star Atlas, and my old school atlas gives the latitude and longitude of
Birmingham UK as;
            LAT = 52 d 30 min North
            LONG = 1 d 55 min West
We will need these figures in decimal form, along with the time;
     RA   = 16 h 41.7 min     = 16 + 41.7/60 = 16.695     hrs
     DEC  = 36 d 28   min     = 36 + 28/60   = 36.466667  degs
     Time = 2310 hrs          = 23 + 10/60   = 23.166667  hrs
     LAT  = 52 d 30 min North = 52 + 30/60   = 52.5       degs
     LONG =  1 d 55 min West  = -(1 + 55/60) = -1.9166667 degs
It is a good idea to keep all the decimal places in the figures until the calculation is complete, then
round off later on. Notice how Longitudes west are counted as negative, and East counted as positive.
We will also need the RA in degrees, not hours. Just multiply the hours figure by 15;
            RA  = 16.695 * 15 = 250.425 degrees           
In order to calculate the ALT and AZ of the comet for a given time and place, we need to calculate the
Local Siderial Time (LST), and then work out the Hour Angle (HA) of the object. Then we can use
some standard formulas from spherical trigonometry to transform the HA and DEC to the ALT and
AZ.
If you are not sure what RA and DEC are, or about coordinate systems in general, then the following
links might be useful;
Sky and Telescope Backyard Astronomer series - Celestial Coordinates
Sky and Telescope Backyard Astronomer series - About Time
A series of lecture notes, from constellations to RA and DEC
I would strongly recommend the book by Peter Duffett-Smith (see Books section below) for further
information and calculations, including precession.
Calculator notes
[Top]
A cheap basic scientific calculator is all that is needed for these calculations - although a
programmable calculator can cut the work down if you want to calculate a whole series of positions.
A spreadsheet allows you to prepare a list of positions of the object for each hour throughout the day.
When putting numbers into formulas, you must remember;
I use '*' to represent multiply, and '/' to show divide. This means that the formulas can be copied
straight into a spreadsheet, and the names changed to cell references.
Multiplication (or division) is 'done before' addition (or subtraction) so that 3 + 4 *5 is 3 + 20 =
23, not 35! Scientific calculators have been programmed with the rules of precedence.
Brackets are used to make sure certain results get calculated first, so (3+4) * 5 does give 35.
Scientific calculators have brackets buttons.
Most scientific calculators understand these rules of precedence, so if you type (999 - 994) /
(100 - 98) into your calculator and press the '=' or 'EXE' key, then you should get 2.5 as the
answer.
50 / (2 * 5) is 5, not 125!
the trigonometric functions usually work in degrees on calculators, but in radians on
spreadsheets and in programming languages such as BASIC.
To convert from degrees to radians, use degs*3.14159265358979/180, where degs is the angle
in degrees.
To convert from radians to degrees, use rads*180/3.14159265358979, where rads is the angle
in Radians.
Days before J2000
[Top]
Many things (including the siderial time) are measured from a fundamental epoch or date. For most
modern astronomical purposes, the reference date is J2000, which corresponds to 1200 hrs UT on Jan
1st 2000 AD, and you can use the table below to find how many days have gone by since J2000 for
any date for the next 20 years or so.
Calculating the days from J2000
-------------------------------
The tables below can be used to calculate the number of days and
the fraction of a day since the epoch J2000. If you need the
number of Julian centuaries, then just divide the 'day number' 
by 36525.
Table A                |  Table B
Days to beginning of   |  Days since J2000 to
month                  |  beginning of each year
                       |
Month   Normal   Leap  |  Year   Days    |  Year   Days
        year     year  |                 |
                       |                 |
Jan       0        0   |  1998   -731.5  |   2010  3651.5
Feb      31       31   |  1999   -366.5  |   2011  4016.5
Mar      59       60   |  2000     -1.5  |   2012  4381.5
Apr      90       91   |  2001    364.5  |   2013  4747.5
May     120      121   |  2002    729.5  |   2014  5112.5    
Jun     151      152   |  2003   1094.5  |   2015  5477.5
Jul     181      182   |  2004   1459.5  |   2016  5842.5
Aug     212      213   |  2005   1825.5  |   2017  6208.5
Sep     243      244   |  2006   2190.5  |   2018  6573.5
Oct     273      274   |  2007   2555.5  |   2019  6938.5
Nov     304      305   |  2008   2920.5  |   2020  7303.5
Dec     334      335   |  2009   3286.5  |   2021  7669.5
Worked Example
                                                               
To find the number of days from J2000.0 for 2310 hrs UT on
1998 August 10th, do the following;
1. divide the number of minutes by 60 to obtain the decimal
fraction of an hour, here 10/60 = 0.1666667
   
2. add this to the hours, then divide the total by 24 to obtain
the decimal fraction of the day, here 23.166667/24 = 0.9652778 
This is the first number used below
   
3. find from table A the number of days to the beginning of
August from the start of the year, here 212 days
   
4. write down the day number within the month, here 10 above
5. find from table B the days since J2000.0 to the beginning of
the year, here -731.5
   
6. add these four numbers.
For the date above;
   0.9652778 + 212 + 10 - 731.5 = -508.53472 days from J2000.0
Note that dates which fall before J2000.0 will have negative day
numbers. Keep the negative sign in any calculations. 
Exercise
What is the day number for 15:30 UT, 4th April 2008?
I got 3016.1458 days since J2000.0
Local Siderial Time
[Top]
Suppose you have a sunny morning. Put a stick in the ground, and watch the shadow. The shadow will
get shorter and shorter - and then start to get longer and longer. The time corresponding to the shortest
shadow is your local noon. We reckon a Solar day as (roughly) the mean time between two local
noons, and we call this 24 hours of time.
The stars keep a day which is about 4 minutes shorter than the Solar day. This is because during one
day, the Earth moves in its orbit around the Sun, so the Sun has to travel a bit further to reach the next
day's noon. The stars do not have to travel that bit further to catch up - so the siderial day is shorter.
We need to be able to tell time by the stars, and the siderial time can be calculated from a formula
which involves the number of days from the epoch J2000. An approximate version of the formula is;
LST = 100.46 + 0.985647 * d + long + 15*UT
      d    is the days from J2000, including the fraction of
           a day
      UT   is the universal time in decimal hours
      long is your longitude in decimal degrees, East positive.
      
Add or subtract multiples of 360 to bring LST in range 0 to 360
degrees.
and this formula gives your local siderial time in degrees. You can divide by 15 to get your local
siderial time in hours, but often we leave the figure in degrees. The approximation is within 0.3
seconds of time for dates within 100 years of J2000.
Worked Example for LST
Find the local siderial time for 2310 UT, 10th August 1998
at Birmingham UK (longitude 1 degree 55 minutes west).
I know that UT = 23.166667
             d = -508.53472 (last section)
          long = -1.9166667  (West counts as negative)
so 
LST = 100.46 + 0.985647 * d + long + 15*UT
    = 100.46 + 0.985647 * -508.53472 - 1.9166667 + 15 * 23.166667
    = -55.192383 degrees
    = 304.80762 degrees
    
note how we added 360 to LST to bring the number into the range
0 to 360 degrees.
Hour Angle
[Top]
We can build in the Earth's rotation by replacing the RA by the Hour Angle. The HA of an object
increases with siderial time, but the declination stays the same, as the DEC measures the angle from
the Earth's equator. We calculate the HA in degrees, so that we can take sines and cosines later.
HA = LST - RA 
If HA negative, then add 360 to bring in range 0 to 360
RA must be in degrees.
As you can see, the HA of the first point of Aries (where RA is 0) is just the LST expressed in
degrees.
Worked example of HA
 RA = 250.425 degs
LST = 304.80762
HA = LST - RA
   = 304.80762 - 250.425
   = 54.382617 degs
   
HA is in correct range, so leave the number
HA and DEC to ALT and AZ
[Top]
Now we have the RA, DEC and HA for the object, and the Latitude (LAT) of the observing site, the
following formulas will give us the ALT and AZ of the object at the current LST.
sin(ALT) = sin(DEC)*sin(LAT)+cos(DEC)*cos(LAT)*cos(HA)
ALT = asin(ALT) 
               sin(DEC) - sin(ALT)*sin(LAT)
cos(A)   =   ---------------------------------
                   cos(ALT)*cos(LAT)
A = acos(A)
If sin(HA) is negative, then AZ = A, otherwise
AZ = 360 - A
Worked example of HA and DEC to ALT and AZ
I find it a good idea to use the calculator to find the values of the sines and cosines of the numbers
needed first, then calculate the formulas. I record calculations step by step, which makes mistakes
easier to find.
HA  =  54.382617
DEC =  36.466667 degrees
LAT =  52.5 degrees (North, so positive)
sin(DEC) = 0.5943550  cos(DEC) = 0.8042028
sin(LAT) = 0.7933533  cos(LAT) = 0.6087614
sin(HA)  is positive  cos(HA)  = 0.5823696
putting the values above into the first formula gives
sin(ALT) = sin(DEC)*sin(LAT)+cos(DEC)*cos(LAT)*cos(HA)
sin(ALT) = 0.5943550 * 0.7933533 + 0.8042028 * 0.6087614 * 0.5823696
         = 0.4715335 + 0.2851093 
         = 0.7566428
ALT = 49.169122 degrees
cos(ALT) = 0.6538285
Putting values into the second formula below gives
             sin(DEC) - sin(ALT)*sin(LAT)
cos(A)   = ---------------------------------
                  cos(ALT)*cos(LAT)
            0.5943550 - 0.7566428 * 0.7933533
cos(A)   = ----------------------------------
                   0.6538285 * 0.6087614
           -0.0059301
         = -----------
            0.3980256
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Appendix E
Current Technologies - On the Mar-
ket and Patents
E.1 MecaSolar MS-2 Tracker 10
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E.2 OPEL Solar SF-20 CPV
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FEiNA SF-20 
Dual Axis Tracker
High Performance
The SF-20 has a tracking accuracy of ±1° which can be 
improved by means of an optional solar probe down to ±0.1° 
to ensure that the panels produce at their full potential.
Versatile
The SF-20 is a high performance tracker that can be customized 
to mount any size photovoltaic panel or solar thermal module.
Cost Effective Networking
The SF-20 has networking capabilities which allow for the sharing of 
common resources in a solar field, such as a GPS unit, which provides 
accurate time and pin point location updates, and an Anemometer to protect 
the trackers in the event of extreme wind conditions. 
The networking capabilities also allow for remote monitoring and 
programming, reducing the onsite maintenance costs. 
Ease of Installation
The installation of the SF-20 tracker can be completed by a two man team 
and does not require any field welding. 
The SF-20 utilizes a mono post mounting design that can be secured by 
a concrete poured foundation which can be installed on sloping terrain, 
reducing preconstruction landscaping costs.
Reliability
The SF-20 has been in production for the past ten years and these trackers can 
be seen operating at high performance levels in installations around the world.
In a typical application, the high performance 
SF-20 dual axis tracker can increase the yield of 
silicon flat plate panels as much as 45% compared to 
fixed installations 1.
© OPEL Solar Inc. 2009. All rights reserved. The specifica-
tions in this product brochure are preliminary and 
subject to change without notice.
1. The estimate is based on data from NREL’s PV Watts calculator comparing solar collectors 
on a fixed installation at Latitude Tilt and the same number of panels mounted on the 
dual axis tracker at a location in Southern California.
Harnessing the sun 
through concentration
Diagram
OPEL Solar Inc.  3 Corporate Drive Suite 204, Shelton, CT 06484, U.S.A.
Telephone:  +1 203-612-2366  E-mail:  info@opelinc.com  www.opelinc.com
Electrical Characteristics
Operating voltage 12 V
Consumption 14 Wh/day
Tracking Accuracy (open loop) ± 1°
Tracking accuracy 
(closed loop with sun sensor)
Typical: ± 0.1°
Maximum 3: ± 0.3°
Physical Data
Type 2 axis
Height off ground 205 in (5.2 m)
Width 200 in (5.1 m)
Depth when horizontal 157 in (4 m)
Total weight 545 lbs (250 kg)
Frame weight 330 lbs (150 kg)
Wind resistance 90 mi/hr (145 km/hr)
Limited warranty 10 years 1
Shipping Dimensions
Volume 9.2 cu ft (0.26 m3)
Length (max) 200 in (5.1 m)
Weight 545 lbs (250 kg)
Number per 40 ft container 60
Capacities
Module area 200 x 157 in (5.1 x 4 m)
Electrical yield (approx.) 2 3150 W
Weight capacity 600 lb (272 kg)
Weight fully loaded 1150 lb (525 kg)
Rotation in azimuth 210°
Inclination angle range 85°
11/16/09
1. Warranty: Ten Year Repair, Replacement Warranty.  Freedom from defects in materials and workmanship under normal application, installation, use and service conditions. 
Please refer to our detailed limited warranty for additional details.
2. Based on installing eighteen 175 W PV panels  (1.57 x 0.808 m)
3. Operating under wind conditions and cloudy skies
E.3 PV Trackers PVT 7.2 DX
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MAXIMUM SITE SLOPE
Preferred Option: 
Helical Piles (shown), ideal for 80% of 
soil conditions; require no site prep, 
concrete or reinforcing; and can be 
installed in 5 minutes
Other Options:
Concrete Pier Footings
Concrete Pad Foundation
Site Evaluation 
Feasibility Studies with Estimated Performance
Installation Training 
Commissioning Support  
Remote Monitoring of Solar Power Plants
24/7 Security 
Extended Warranties Available
PLAN VIEW DIMENSIONS TRACKER SITE SPACING
PV Trackers develops innovative patented technology in 
the form of a dual-axis tracker that reduces the levelized 
cost of producing solar energy by 33%.  Our technology 
combined with world-class design, easy installation and 
outstanding reliability are some of the reasons why we 
are the largest USA based dual axis-tracker company. We 
are also more than just a tracker company:
WE DESIGN POWER PLANTS
SPECIFICATION DATA
S P E C I F I C A T I O N S
P V T  7 . 2 D X  D U A L - A X I S  T R A C K E R
312 in (7.9 m)
SOUTH ELEVATION EAST ELEVATION
D E S I G N  G U I D E L I N E S
P V T  7 . 2 D X  D U A L - A X I S  T R A C K E R
GROUND ANCHORING OPTIONS
ENERGY PERFORMANCE
Over fixed-tilt rack ≈ 40% annually (site dependent)
Photovoltaic Power / Tracker 6.0kW - 7.4kW (dependent on panel specifications)
String configuration 2 - 3 parallel strings operating within 250-600 volt window
PHYSICAL
Tracker axis Dual-Axis
Azimuth rotation angle +/-95° from South (software controlled)
Altitude tilt angle 0° to 60° (software controlled)
Tracking accuracy +/- 0.5°
Height @ max. tilt (excluding pane 14 feet 8 inches (4.5 m)
Width (excluding panels): 26 feet (7.9 m)
Weight (excluding panels) Approx. 1700 lbs.
OPERATIONS
Azimuth drive Worm Drive
Altitude drive Ball Screw Linear Actuator
Drive consumption 0.16 kWh/day
Drive operating voltage 160-600 VDC and 277 watt AC (WYE)
Tracking technology Calculation based tracking. Integrated shade avoidance
Communications RS-485
Monitoring On-site software, Internet
Temperature rating -40° C to + 70° C
Standby power consumption 0.35 kWh/day
Wind protection system Automatic feathering and stow algorithm
Wind load (max) 90 MPH
COMPONENTS
Structural material Hot dipped galvanized steel
Structural design Tripod legs / Tetrahedron support
Electrical cabinets IP56 / Nema 4x
ENERGY
Panel surface area (max.) 500 s.f. (46.5 m²) - PVT to verify panel configurations
Panel types Any type of PV module
Inverter types Customer supplied inverters (1 or multiple trackers/inverter)
RELIABILITY
Complies with N.E.C. 2008
Maintenance Annual inspection, NO lubrication, panel cleaning as required
Guarantee 10 years fabricated parts & electronics
Extended warranties available upon request
ENERGY PERFORMANCE
Over fixed-tilt rack ≈ 40% annually (site dependent)
Photovoltaic Power / Tracker 6.0kW - 7.4kW (dependent on panel specifications)
String configuration 2 - 3 parallel strings operating within 250-600 volt window
PHYSICAL
Tracker axis Dual-Axis
Azimuth rotation angle +/-95° from South (software controlled)
Altitude tilt angle 0° to 60° (software controlled)
Tracking accuracy +/- 0.5°
Height @ max. tilt (excluding pane 14 feet 8 inches (4.5 m)
Width (excluding panels): 26 feet (7.9 m)
Weight (excluding panels) Approx. 1700 lbs.
OPERATIONS
Azimuth drive Worm Drive
Altitude drive Ball Screw Linear Actuator
Drive consumption 0.16 kWh/day
Drive operating voltage 160-600 VDC and 277 watt AC (WYE)
Tracking technology Calculation based tracking. Integrated shade avoidance
Communications RS-485
Monitoring On-site software, Internet
Temperature rating -40° C to + 70° C
Standby power consumption 0.35 kWh/day
Wind protection system Automatic feathering and stow algorithm
Wind load (max) 90 MPH
COMPONENTS
Structural material Hot dipped galvanized steel
Structural design Tripod legs / Tetrahedron support
Electrical cabinets IP56 / Nema 4x
ENERGY
Panel surface area (max.) 500 s.f. (46.5 m²) - PVT to verify panel configurations
Panel types Any type of PV module
Inverter types Customer supplied inverters (1 or multiple trackers/inverter)
RELIABILITY
Complies with N.E.C. 2008
Maintenance Annual inspection, NO lubrication, panel cleaning as required
Guarantee 10 years fabricated parts & electronics
Extended warranties available upon request
16 Trackers ≈ 100kW
6 to 9 Acres / MW
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Total panel/module area approx. 500 ft2 (46.5 m2). 
Call PV Trackers to see how your panels fit.
Typical panel configurations accomodate 24-33 
units/tracker (6.0 to 7.4kW/tracker)
SERVICES PROVIDED
U P G R A D E S  F R O M  T H E  6 . 0 DX  I N C L U D E :
•  20% MORE CAPACITY  •  LOWER PRICE/STC DC WATT  •  MORE 
EFFICIENT MOTORS  •  LOWER POWER USAGE  •  PATENTED STOW 
CAPABILITY  •  LONGER MTBF  •  SHORTER MTTR  •  ENVIROMENTALY 
SEALED DRIVES  •  ADDIONAL GEAR REDUCTION FOR BOTH N/S & 
E/W  •  UL LISTED POWER SUPPLY  •  OPTIONAL DC ARRAY CURRENT 
MONITORING  •  OPTIONAL WIRELESS
E.4 Patent Summary
E.5 US 7,884,279 B2
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Figure E.1: Table of Related Patents
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Appendix F
Preliminary Designs
F.1 Initial Brainstorm
Figure F.1: Design 1
Figure F.2 represents two independently rotated planes. One on the bottom to provide
azimuthal control, the other to provide elevation control. For small models, this design lends
itself well to use of servos but at larger scales, motors will need to be used. A Lazy Susan-type
of bearing plate can be used to provide a rotating base platform if gears are used to provide
rotation of the bottom plate.
Figure F.3 represents a modified actuation idea for design 1. In this idea, opposite corners
of the mirror are connected with tensioned wire, and wound about a spool that can be turned
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Figure F.2: Design 2
with a motor. When the spool rotates, the relative lengths of the two wires will natrually
change the distance of the spool to the plane (think of it as a triangle). We believe there are
several ways to compensate for this. One example would be to use adjustable cable tensioners
which allow extra slack to be introduced into the system, while keeping the cables taught.
Figure F.7 represents the basis of this design is to move like a joystick. This movement
is achieved by controlling the shaft that the dish sits on from the bottom with two hydraulic
cylinders. The actuation allows the shaft to pivot on a ball joint, allowing it to sweep and track
the sun across the sky.
Figure F.8 is essentially the same design as design 7 except magnets attract the metal shaft
to particular positions. It is similar in concept to a stepper motor. At the base there are several
magnets that have electrical current pass through their coils in order to attract the metal rod.
These are arranged along a spherical bowl in which the rod sweeps along.
Figure F.9 is a design which utilizes the principle that one needs three points to define a
plane. The actuators the dish is attached to move up and down in order to control the tilt of
the dish.
Figure F.10 is a design which controls the elevation angle through the use of two linear
actuators that move either up or down in order to adjust the tilt of the dish. These actuators
293
are attached to a lazy susan base that rotates in order to adjust the azimuth angle. The lazy
susan rotates using a DC motor and spur gears, which are cheap and simple to utilize.
294
Figure F.3: Design 3
295
Figure F.4: Design 4
296
Figure F.5: Design 5
Figure F.6: Design 6
297
Figure F.7: Design 7
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Figure F.8: Design 8
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Figure F.9: Design 9
Figure F.10: Design 10
300
F.2 Design Scoring
F.3 Performance Design Specifications
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ELEMENTS/
REQUIREMENTS UNITS DATUM TARGET - RANGE AS_BUILT
SPECS
Azimuth rotation angle Degrees +/-90 +/-90 +/-70
Elevation tilt angle Degrees 0-90 0-90 5-90
Tracking accuracy Degrees +/-0.5 0.1-0.5 0.5
Height @ max. titlt 
(excluding panels)
Feet 21 5 (SCALED) 3.5
Width (excluding 
panels)
Feet 15.4 3 (SCALED) 6
Weight (excluding 
panels)
Pounds 1900 60 (SCALED) 60
OPERATIONS
Drive consumption
Kilowatt 
hour/day
0.16 0.16 0.11
Drive operating 
voltage 
Volts
240 VAC 
1ϕ/ 208 
VAC 3ϕ
24 24
Temperature rating Celsius -40 to +55 -40 to +55 -40 to +55
Wind load (max 
operation)
miles/hour 31 40-50 40
ENERGY 
PERFORMANCE
Improvement over 
fixed-tilt rack (for 
photovoltaic power 
generation)
Percentage 40 40-45 N/A
PARAMETERS
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Appendix G
Customer Interviews
G.1 Interview Questions
1. How would you describe the market for solar trackers? What is the biggest issue with
tracking solutions today?
2. What are the most common complaints you have or receive from customers?
3. How often is maintenance needed on a solar tracking system and which parts are the usual
causes of breakdown?
4. What is the average return rate of investment for a solar tracker versus a fixed PV
array system? If the ROI is shorter for tracking systems than fixed, is this point heavily
communicated to customers?
5. What would constitute an ideal solar tracker in order to get the best performance out of
solar energy systems
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Customer: Joe Sugg Interviewer: Darcy Marumoto
Address: 500 El Camino Real, Santa
Clara, CA 95053
Date: October 21, 2011
Telephone: (408) 551-1606 Product Used: Chromosun
Willing to do follow-up?: Yes Type of User: Facilities Manager
Table G.1: Contact information for Joe Sugg.
G.2 Interview Responses
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Question/Prompt Customer Statement Interpreted Need
Current Market Don’t know. Don’t know much about
the product and its uses.
The technology isn’t well-
known.
Current Issue Cost and maintenance. The price of the product
needs to be significantly
lower and maintenance on
the product is too frequent.
Customer Complaint The system currently in
use is not very reliable.
Solar tracking system need
to be very reliable with
minimal monitoring.
Maintenance of System N/A Maintenance isn’t com-
pleted by the user but
rather than the com-
pany and should be more
interactive for the user.
Average ROI of Tracker
vs. Fixed Array
No capital investment
so the energy costs for
the school is 5% less
than before.
The return on cost should
be higher for the amount of
power being installed.
Ideal tracker What our product
should be when the
project is complete.
Looking for something
which works well, compact
and has a low cost.
Table G.2: Response and interpreted need gathered from Joe Sugg’s interview.
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Customer: Mark Freeman Interviewer: Joseph Valdez
Address:1430 Enterprise Blvd., West,
Sacramento, CA 95691
Date: October 21, 2011
Telephone: (916) 374-8722 ext. 114 Product Used: Dual Axis Solar
Trackers
Willing to do follow-up?: Yes Type of User: Solar Contractor
Table G.3: Contact information for Mark Freeman.
Question/Prompt Customer Statement Interpreted Need
Current Market There are many solu-
tions today with the
industry growing base
upon the politics and
economy
The customer changes
what the product looks
and does and has to
meet the standards the
government puts forth.
Current Issue Size and scale of the
application. Also
weather is a big factor
to whether or no solar
trackers are used.
The product needs to be
scaled down for residential
use to open the market and
needs to be able to harvest
energy under different con-
ditions.
Customer Complaints Too expensive because
of shipment and train-
ing for electricians are
needed to transition to
work from AC to DC.
Trackers require a different
conversion of energy into
electricity, which causes in-
stallation problems. Also
price is driven mainly due
to shipping cost which is a
large overhead to the cus-
tomer.
Maintenance of System Minimal maintenance
to grease bearings and
gears.
Maintenance shouldn’t be
frequent and should be
something the users can do
themselves.
Average ROI of Tracker
vs. Fixed Array
Not determined by the
installer of the product.
Every aspect of the process
should be involved with
costs just in case the user
has any questions about
the product.
Ideal tracker Something that in-
creases the power
production of the sys-
tem and gets more from
the money spent.
The tracker needs to har-
vest more energy than a
fixed system. Also the cus-
tomer needs to see their
money spent is toward a
good investment.
Table G.4: Response and interpreted need gathered from Mark Freeman’s interview.
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Customer: Carlos Garcia Interviewer: Joseph Valdez
Address: N/A Date: October 21, 2011
Telephone: 34 608232550 Product Used: Manufactures dual-
axis trackers.
Willing to do follow-up?: Yes Type of User: Solar Contractor
Table G.5: Contact information for Carlos Garcia.
Question/Prompt Customer Statement Interpreted Need
Current Market For PV or CSP solar
systems.
Trackers have a wide range
of uses on any type of solar
energy system.
Current Issue Pole mounted systems
and the wind load the
system can handle.
Current systems have very
expensive and permanent
foundations and mainly
mounted with poles. Also,
the wind tolerance of
trackers need to increase.
Customer Complaints No comment. N/A
Maintenance of System Structure and driving
system is completely
separate so there is
long-term reliability.
Also many of the parts
can be found in store
and an easy to do fix.
If there is any maintenance
that needs to be done, the
user should be able to do it
quickly without a special-
ized crew.
Average ROI of Tracker
vs. Fixed Array
Tracker systems gain
approximately 45%
more energy than fixe
systems and thus should
have the same rate of
return on investment.
Trackers should have about
the same or only slightly
longer return rate of invest-
ment.
Ideal tracker A system that is re-
liable, a high energy
yield, low cost and min-
imal maintenance.
The ideal tracker is one
that would be the most ef-
fective and user friendly.
Table G.6: Response and interpreted need gathered from Carlos Garcia’s interview.
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Appendix H
Project Management Data
H.1 Timeline
Figure H.1: Timeline of the project over the course of a year.
To keep track of important deadlines and project milestones a Gantt chart was used. The
chart summarized each important goal and deadline from the 2011–2012 school year.
H.2 Budget
Figure H.2 is an itemized income and expense report for the project. It helped monitor the
cash flow to ensure that the the team did not overspend. As seen in the figure, the budget is
divided up into estimated, spent and pending sections. The estimated section helped determine
how much the team needed to fundraise to complete the project. When the components were
bought (orders placed), it would go into the spent column whereas items waiting to be ordered
were placed in the pending column. Finally, the chart shows the net reserve of funds after the
project was completed.
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Figure H.2: Itemized expense report.
Note: The budget is an up to date list of all expenses known.
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US Provisional Patent Application 
for 
New Two-Axis Solar Tracker Design for Low Cost 
Deployment and Profile for Reduced Loading Moments 
by 5 
Matthew Neber, Hohyun Lee, Laughlin Barker, 
Criselle G. Olaes, Darcy Marumoto, and 
Joseph Valdez 
 
SUMMARY 10 
 The solar tracker is a well known device which is 
essential for any concentrated solar power application, and 
also greatly improves performance of photovoltaic devices. 
Representative examples of the state of the art for 
existing two axis trackers include US 7,884,279, 15 
US 7,910,870, US 2006/0054162, and US 2010/0024861.  One 
problem that can arise in connection with solar power is 
destruction of solar power systems by severe weather.  Wind 
forces are currently an issue with mounting a tracking dish 
or PV panel atop a pole driven into the ground.  20 
Conventional PV tracking systems cannot be regressed for 
self preservation without disassembly and storage.  Another 
disadvantage of conventional trackers is that they must be 
mounted atop a tall structure to allow the tracking device 
to have sufficient ground clearance when tracking the sun 25 
at elevations relatively close to the horizon.  
SCU-108/PROV 2 
 The present approach addresses these problems by 
providing easily produced parts and fewer parts, and a wide 
base which does not require an augered and cemented post 
for installation. Systems according to these principles can 
autonomously lay down flat to weather strong winds. For 5 
photovoltaics specifically, this presents an opportunity to 
have roof mount panels which track the sun without adding 
any risk to the roof itself in adverse weather conditions. 
The present approach fixes the base of the tracking device 
close to the ground for added stability and support in a 10 
lower cost and more easily deployable package. 
 A low cost easily deployable solar tracking unit was 
conceived for concentrated solar power applications where a 
large and heavy dish concentrator must articulate to follow 
the sun's path throughout the sky. The benefits of the 15 
design were soon recognized to be applicable to 
photovoltaic panels as well with the unique feature that 
the panel may be positioned in a flat, low profile 
orientation.  
 In one embodiment, the system includes two 20 
perpendicular coplanar linear actuators. Together these two 
actuators control the azimuth and elevation of whatever 
device is mounted to the two moving pivot points. This 
configuration is believed to be new and previously unused. 
The advantage of this design is the ability to use off the 25 
shelf and low fidelity parts instead of manufacturing 
specifically to the application. 
The tracker supports the device tracking the sun at 
two points for added structural stability over most other 
trackers, which typically attach at a single pivot point. 30 
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However, a large moving base is not necessary as with other 
trackers which employ a two mount point scheme. Figure 1 
and Figure 2 illustrate the tracking system with a 
concentrated solar power apparatus mounted. The solar 
collector may easily be replaced by a flat panel supporting 5 
a photovoltaic array. Hence the versatility of this system. 
Note from Figure 2 that by extending the actuator attached 
to the base to its full length, the solar collector will 
lay down flat. This proves extremely useful for a solar 
panel array because of the ability to lay flat in adverse 10 
weather conditions, and the possibility to be applied to a 
roof mounting system for home power generation. 
The most common two axis tracking systems currently in 
use have a single pole driven into the ground combined with 
a drive unit coupling the pole to the tracking unit. To 15 
install the pole an auger must be used, and this can only 
be installed in climates where the soils will support a 
heavy post set in with cement. Installation requires 
considerable work from a civil engineering standpoint 
because the pressure distribution for a pole in the earth 20 
is complex even for simple lateral and axial loads from 
wind [1]. The single drive unit operates the azimuth and 
elevation by rotating about vertical and horizontal axes. 
These drive units contain multiple sets of gears that must 
be designed to handle very large moments and loads, 25 
therefore making them heavy duty pieces of equipment. Also, 
they often are fitted with heavy counter balances. In 
contrast, the present approach requires only light 
anchoring into the ground due to its wide base, and 
efficiently deals with moment loading from the geometry of 30 
the design.  
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The design geometry is based on triangle manipulation, 
where two of the triangle’s sides are fixed lengths. By 
manipulating the position of the two points where the 
fixed-length sides intersect the base, the angle and 
orientation of the fixed length sides relative to the plane 5 
of the actuators is controlled. The angle between the plane 
and the fixed length legs is limited to normal, determined 
by the length ratio of the two fixed-length sides. The 
orientation of either fixed-length leg in the plane is 
unconstrained if the two points where the legs intersect 10 
the base of the triangle can be positioned at any point 
along the two principle axes. The described angle and 
orientation translates to the elevation and azimuth when 
one of the fixed-length sides is the tracking plane.  
In order to orient the tracking plane to any azimuth 15 
and elevation in the hemisphere above the actuator plane 
would require that both actuators be able to move their 
carriages equally in both directions from the intersection 
point. With modification of the length ratio the two fixed-
length sides, the tracker can cover the sun's path in any 20 
part of the world. Between the Tropic of Cancer and Tropic 
of Capricorn, the actuator paths must cross one another to 
capture the entire path of the sun, detailed in figure 1 
and figure 2. 
 Figure 3 illustrates the sun's path at Santa Clara 25 
University — latitude 37.3414 — at summer and winter 
solstices. They are the highest and lowest path the sun 
takes for that location in a year. All other paths lie in 
between these two lines. The shaded area is the tracker 
coverage area. Although the details of Figure 3 will depend 30 
on location, the general shape of the curves will be 
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similar, and sufficient coverage can be obtained with the 
tracker detailed in figure 1 and figure 2 at any location.  
  
 
Figure 1. Overview of concentrated solar power tracking unit. 5 
 
Figure 2. Side view of concentrated solar power unit 
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Figure 3. Coverage area of solar tracker. Shaded area represents all possible combinations of elevation and 
azimuths for a particular geometry. Solid line and dashed line represent sun’s path at summer and winter 
solstices respectively. 
 5 
 One possible variation is mounting multiple panels on 
a single unified grid system to be driven with a single 
pair of drive units. The arrays would then be considered a 
single modular deployable unit driven by only one central 
location. This would reduce cost by reducing the total 10 
number of components and save on power requirements to 
drive the system by reducing redundancies. The scale of 
this variation can be as large as megawatt size 
photovoltaic arrays for utility scale power production. 
Figure 4 shows a schematic of this concept as it could be 15 
applied to a roof mount photovoltaic system.  The total 
number of panels may be decreased by incorporating a 
tracking system. The panels are also spaced so that they 
SCU-108/PROV 7 
shade other panels as little as possible during early and 
late hours. 
  
Figure 4. Possible roof array of solar panels on a unified grid system. 
 5 
 Various applications are possible.  For concentrated 
solar power applications this system can be used on large 
scale commercial and residential units as well as small 
scale (lab scale) units. Large scale units include dish 
collectors up to 100 square meters in collector area and 10 
are used primarily for renewable power generation. Small 
scale (lab scale) units are solar collectors that can be 
easily stored in a room and transported to test sites. For 
photovoltaic applications the system offers the possibility 
to roof mount solar panels which may track the sun. The 15 
system also provides more support to a photovoltaic module 
than any currently produced system and offers the ability 
to retract to a low profile flat position for adverse 
weather conditions.   
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[1] J. Anderson and C. Gay, "Solar and Photovoltaic 
Systems: A short, Basic Course," A. Materials, Ed., ed.  
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1 SOLAR TRACKER SCHOOL OF ENGINEERING 
Why Renewable Energy? 
SOLAR TRACKER 2 
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Source: http://205.254.135.7/totalenergy/data/annual/perspectives.cfm 
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Why Solar? 
SOLAR TRACKER 3 
Source: http://physics.ucsd.edu/do-the-math/wp-content/uploads/2011/09/Solar_land_area.png 
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Existing Technology: PV 
SOLAR TRACKER 4 
Source: http://www.solarpanelcostreview.com/solarpanel 
cost/sun-tracker-solar-tracker-30/ 
Source: http://save-our-planet-earth-now.blogspot.com/2010/08/how-does-solar-energy-work.html 
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Existing Technology: CSP 
SOLAR TRACKER 5 
Source: http://www.wikinfo.org/index.php/Solar_tracker 
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Problem Definition 
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Why Solar Trackers? 
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SCHOOL OF ENGINEERING 
Project Goals 
Objectives 
• Residential scale 
• Affordable price 
Technical Challenges 
• Reduce forces on parts 
• Low sweep volume 
• Reduce installation & 
shipping costs 
• Accurate & precise 2 DOF 
orientation 
SOLAR TRACKER 
Source: http://www.qldwindmillandsolar.com.au/solar-trackers 
8 
SCHOOL OF ENGINEERING 
Approach 
•  T-configuration  Low profile 
•  Off the shelf parts  Low cost 
SOLAR TRACKER 9 
•  Hybrid Control  Pointing Precision  
•  Unique Design  Reduced Install Costs 
SCHOOL OF ENGINEERING 
Tracker Range Analysis 
SOLAR TRACKER 10 
--- Summer solstice June 21st 
--- Winter solstice December 21st 
L1 
L2 
θ 
ϕ 
L1 = Length 1 
L2 = Length 2 
θ = 180 +/- azimuth angle 
ϕ = 90 - elevation angle 
SCHOOL OF ENGINEERING 
Sweep Volume 
SOLAR TRACKER 11 
VOLUME = 0.95 m3 
SURFACE AREA = 5.67 m2 
VOLUME = 0.41 m3 
SURFACE AREA = 2.75 m2 
+ DEAD VOLUME = 0.69 m3 
SCHOOL OF ENGINEERING 
Force Analysis 
SOLAR TRACKER 12 
6/11/12 
3 
SCHOOL OF ENGINEERING 
Prototype Tracker 
SOLAR TRACKER 13 SCHOOL OF ENGINEERING SOLAR TRACKER 14 
Testing: Precision & Accuracy 
Hysteresis Test Results	  
n=8	  
MEAN	   0.05°	  
MAX	   0.14°	  
STDEV	   0.05°	  
Conclusion 
•  Tracker is precise, but how accurate? 
How precise is positioning? 
? 
SCHOOL OF ENGINEERING 
Hybridized Control 
Sensor 
Control Logic 
15 SOLAR TRACKER SCHOOL OF ENGINEERING 
Testing: Hybrid Control 
Setup 
•  Parabolic Mirror 
•  Receiving cavity + 
thermocouple 
Conclusion 
•  Maintains focal point inside cavity 
•  Corrects for installation misalignment 
SOLAR TRACKER 16 
SCHOOL OF ENGINEERING 
Business Perspective 
SOLAR TRACKER 17 
•  Market and Cost Analysis 
•  Viability of the Business 
•  Keys to Success 
SCHOOL OF ENGINEERING 
Business Plan 
SOLAR TRACKER 18 
Cost Per 6 Meters2 
Fixed Costs 
Selling Price = $3,500 per 6m2 
Market Average = $2,000 per 6m2 
Breakeven Point = 87 6m2 units 
Fix	  Cost	  (per	  year)	   2012	   2013	  
Total	   	  $238,000.00	  	   	  $204,000.00	  	  
Fixed	  Costs	  (per	  unit)	  	  
6	  meters2	  dish	  tracker	   Scaled	  Model	   2012	   2013	  
Parts	  
	  	  	  	  Structure	   $150.00	  	   	  $50.00	  	   	  $50.00	  	  
	  	  	  	  Motors	   $300.00	  	   	  $100.00	  	   	  $100.00	  	  
	  	  	  	  Electronics	  (Actuators*2)	  	   $1,500.00	  	   	  $500.00	  	   	  $500.00	  	  
	  	  	  	  Raw	  Materials	   $1,500.00	  	   	  $500.00	  	   	  $500.00	  	  
Total/unit	   $3,450.00	  	   	  $1,150.00	  	   	  $1,150.00	  	  
6/11/12 
4 
SCHOOL OF ENGINEERING 
Cost Comparison 
Installation Costs 
Difference= $3,000 
True Price Comparison 
Difference= $1,500 
Total	  Price	  
Other	  Trackers	   $6,000	  	  
Helios	  Tracker	   $4,500	  	  
Average	  InstallaJon	  Expense	  	  
Other	  Trackers	   $4,000	  	  
Helios	  Tracker	   $1,000	  	  
19 SOLAR TRACKER SCHOOL OF ENGINEERING 
Conclusion 
SOLAR TRACKER 20 
Low Profile Control 
Force Reduction Cost 
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Questions 
SOLAR TRACKER 22 
SCHOOL OF ENGINEERING 
Challenges and Improvements 
Next Steps 
  New mirror holder using less material (lighter weight) 
  Design of overhang to achieve larger range 
  Reduce Cost 
  Ground screw/mount system 
  Wind analysis for non-normal loading 
  DC motor/worm gear (power consumption) 
SOLAR TRACKER 15 
Source: http://www.kemper-solar.eu/gb/tracker-technology/foundation/ 
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Appendix – Current Range 
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Appendix – Range of Different L1/L2  
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Appendix – Range Added with 22.2% Overhang 
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Appendix – Sensor Structure 
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Appendix – Electronics 
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Appendix – CAD: mirror mounts 
SCHOOL OF ENGINEERING 
Appendix – Free Body Diagram 
J.2 EPA P3 Conference Poster
331
C
om
pe
tit
iv
e  
A
na
ly
si
s 
B
a
c
k
g
ro
u
n
d
, 
P
ro
b
le
m
 D
e
fi
n
it
io
n
 
a
n
d
 O
b
je
c
ti
v
e
 
La
ug
hl
in
 B
ar
ke
r, 
H
oh
yu
n 
Le
e,
 D
ar
cy
 M
ar
um
ot
o,
 M
at
th
ew
 N
eb
er
, C
ris
el
le
 O
la
es
 &
 J
os
ep
h 
Va
ld
ez
 
Sa
nt
a 
C
la
ra
 U
ni
ve
rs
ity
, C
al
ifo
rn
ia!
 
B
ri
gh
te
n 
U
p 
S
ol
ar
 E
ne
rg
y 
En
ha
nc
ed
 S
ol
ar
 T
he
rm
al
 E
ne
rg
y 
H
ar
ve
st
 fo
r P
ow
er
 G
en
er
at
io
n 
fr
om
 B
ra
yt
on
 C
yc
le 
R
e
fe
re
n
c
e
s
: 
D
is
c
u
s
s
io
n
, 
C
o
n
c
lu
s
io
n
  
a
n
d
 P
h
a
s
e
 I
I 
P
la
n
 
D
a
ta
 F
in
d
in
g
s
, 
O
u
tp
u
ts
 &
 O
u
tc
o
m
e
s
  
 
 
 
 
 
 !
 
E
st
im
at
ed
 e
ne
rg
y 
co
ns
um
pt
io
n 
of
 a
 a
ve
ra
ge
 fo
r s
in
gl
e 
fa
m
ily
 d
et
ac
he
d 
ho
m
es
 in
 a
 y
ea
r i
s 
31
,7
69
 k
W
h 
[8
] 
($
3.
68
5.
20
). 
Th
e 
pa
yo
ff 
of
 th
e 
sy
st
em
 w
ill
 b
e 
ab
ou
t 3
 
ye
ar
s.
 T
hi
s 
in
vo
lv
es
 tr
ac
ke
r m
od
ifi
ca
tio
ns
 a
nd
 
in
co
rp
or
at
in
g 
th
e 
re
ce
iv
er
. A
 c
om
pl
et
e 
bu
si
ne
ss
 p
la
n 
th
ro
ug
h 
th
e 
fiv
e 
ke
y 
ar
ea
s 
lis
te
d 
to
 th
e 
rig
ht
 n
ee
ds
 to
 
an
al
yz
e 
ho
w
 to
 b
rin
g 
th
e 
pr
od
uc
t t
o 
th
e 
m
ar
ke
t i
n 
th
e 
ne
xt
 fe
w
 y
ea
rs
. 
O
pe
ra
tin
g 
Te
m
pe
ra
tu
re
 
17
00
 K
 
Te
m
pe
ra
tu
re
 o
f A
ir 
15
00
 K
 
B
ra
yt
on
 C
yc
le
 E
ffi
ci
en
cy
 
26
%
 
E
xi
t A
ir 
Te
m
pe
ra
tu
re
 
11
00
 K
 
M
as
s 
Fl
ow
 R
at
e 
10
 g
/s
 
C
om
pr
es
si
on
 R
at
io
 
7.
6 
[1]
 ht
tp:
//2
05
.25
4.1
35
.7/
tot
ale
ne
rgy
/da
ta/
an
nu
al/
pe
rsp
ec
tiv
es.
cfm
!
![4
] h
ttp
://w
ww
.rg
bs
toc
k.c
om
/ph
oto
/m
lL
QW
ua
/Su
mm
er
!
!
!
!
!
![7
] h
ttp
://w
ww
.ei
a.g
ov
/cf
ap
ps
/ip
db
pro
jec
t/I
ED
Ind
ex
3.c
fm
?ti
d=
90
&p
id=
44
&a
id=
8!
[2]
 ht
tp:
//2
05
.25
4.1
35
.7/
co
ns
um
pti
on
/re
sid
en
tia
l/r
ep
ort
s/e
lec
tro
nic
s.c
fm
!
![5
] h
ttp
://w
ww
.se
co
.cp
a.s
tat
e.t
x.u
s/p
ub
lic
ati
on
s/r
en
ew
en
erg
y/s
ola
ren
erg
y.p
hp
!
!
!
![8
] U
SA
, "
Ta
ble
 U
S1
4. 
Av
era
ge
 C
on
su
mp
tio
n b
y E
ne
rgy
 E
nd
 U
ses
," 
EI
A,
 E
d.,
 ed
, 2
00
5!
[3]
 ht
tp:
//w
ww
.ar
b.c
a.g
ov
/co
ns
pro
d/g
en
inf
o/c
ps
mo
g.h
tm
!
!
![6
] E
IA
, "
Ca
rbo
n D
iox
ide
 E
mi
ssi
on
s f
rom
 th
e G
en
era
tio
n o
f E
lec
tri
c P
ow
er 
in 
the
 U
nit
ed
 St
ate
s,"
 D
. o
. E
ne
rgy
, E
d.,
 ed
, 2
00
0.!
!
[1
] 
  
  
Brayton Cycle Efficiency 
M
ax
im
um
 T
em
pe
ra
tu
re
 [K
] 
  
  
  
  
  
  
  
  
Absorber Efficiency 
  
  
75
00
 
C
on
ce
nt
ra
tio
n 
= 
10
00
0 
16
00
 
18
00
 
20
00
 
0.
2 
0.
3 
0.
4 12
00
 
14
00
 
0.
4 
0.
6 
0.
8 
1 
18
 m
2  
Aperture Radius [m] 
B
ra
yt
on
 M
ax
im
um
 T
em
pe
ra
tu
re
 [K
] 
10
00
 
12
00
 
14
00
 
16
00
 
18
00
 
0.
03
 
0.
04
 
0.
05
 
0.
06
 
0.
07
 
C
oa
l 2
1%
 
N
at
ur
al
 G
as
 2
5%
 
P
et
ro
le
um
 3
7%
 
R
en
ew
ab
le
 
E
ne
rg
y 
8%
 
W
in
d 
11
% 
S
ol
ar
 1
% 
B
io
m
as
s 
53
% 
G
eo
th
er
m
al
 3
% 
H
yd
ro
el
ec
tri
c 
31
% 
E
ne
rg
y 
C
on
su
m
pt
io
n 
in
 th
e 
U
ni
te
d 
S
ta
te
s,
 2
01
0 
M
ar
ke
t  
R
es
ea
rc
h 
M
an
ag
em
en
t  
Te
am
 
Fi
na
nc
ia
l  
P
ro
je
ct
io
ns
 
B
us
in
es
s  
M
od
el 
In
no
va
tio
n  
A
ss
es
sm
en
t 
E
as
t <
--
S
ol
ar
 A
zi
m
ut
h-
->
 W
es
t  
Solar Elevation 
0 
50
 
10
0 
15
0 
20
0 
25
0 
30
0 
35
0 
0 10
 
20
 
30
 
40
 
50
 
60
 
70
 
80
 
90
 
  
  
  
  
Cavity Temperature [K] 
Ti
m
e 
[s
] 
Th
eo
re
tic
al
 
B
ac
k 
Th
er
m
oc
ou
pl
e 
0 
10
00
 
20
00
 
30
00
 
40
00
 
50
00
 
20
0 
40
0 
60
0 
80
0 
10
00
 
12
00
 
14
00
 
– 
Ju
n 
21
 S
ol
ar
 P
at
h 
– 
D
ec
 2
1 
So
la
r P
at
h 
**
 T
ra
ck
er
 S
ol
ut
io
n 
 
[2
] 
B
la
ck
bo
dy
 C
av
ity
 P
er
fo
rm
an
ce
 
Tr
ac
ki
ng
 R
an
ge
 o
f P
ar
tic
ul
ar
 G
eo
m
et
ry 
Sm
al
le
r D
is
h 
R
eq
ui
re
s 
H
ig
he
r T
em
pe
ra
tu
re
s 
N
ec
es
sa
ry
 C
on
ce
nt
ra
tio
n 
fo
r E
ffi
ci
en
cy
 
[6
] 
[3
] 
[4
] 
S
pa
ce
  
H
ea
tin
g 
41
% 
A
pp
lia
nc
es
 
&
 E
le
ct
ro
ni
cs
 
31
% 
W
at
er
  
H
ea
tin
g 
20
% 
A
ir 
C
on
di
tio
ni
ng
 
8%
 
E
ne
rg
y 
U
se
 in
 H
om
es
, 2
00
5 
[5
] 
C
om
bi
ne
d 
he
at
 a
nd
 p
ow
er
 (C
H
P
) w
ill
 
su
pp
ly
 th
e 
ho
m
e 
w
ith
 e
le
ct
ric
ity
 a
nd
 
he
at
 fo
r s
pa
ce
 h
ea
tin
g,
 c
oo
lin
g 
an
d 
w
at
er
 p
ur
ifi
ca
tio
n.
  
C
ur
re
nt
 c
on
ce
nt
ra
te
d 
so
la
r p
ow
er
 re
ce
iv
er
s 
ar
e 
ex
pe
ns
iv
e 
an
d 
co
nt
ai
n 
to
o 
m
an
y 
pa
rts
. A
ls
o 
tra
ck
er
s,
 a
 
ne
ce
ss
ar
y 
co
m
po
ne
nt
 o
f C
S
P 
sy
st
em
s,
 a
re
 e
xp
en
si
ve
 
an
d 
ne
ed
 e
xp
en
si
ve
 s
up
po
rts
 to
 w
ith
st
an
d 
w
in
d 
lo
ad
s.
 
B
y 
de
si
gn
in
g 
an
 a
bs
or
be
r i
nt
eg
ra
te
d 
w
ith
 a
 h
ea
t 
ex
ch
an
ge
r a
nd
 a
 c
he
ap
 lo
w
-p
ro
fil
e 
tra
ck
er
 u
si
ng
 tw
o 
lin
ea
r a
ct
ua
to
rs
, C
S
P 
ca
n 
be
 a
n 
ec
on
om
ic
al
 v
ia
bl
e 
so
lu
tio
n 
at
 th
e 
re
si
de
nt
ia
l s
ca
le
.  
 
O
pe
ra
tin
g 
C
on
di
tio
ns
 o
f R
ec
ei
ve
r 
K
ey
 A
re
as
 fo
r a
 B
us
in
es
s 
P
la
n 
In
te
gr
at
e 
th
e 
A
bs
or
be
r w
ith
 a
 H
ea
t E
xc
ha
ng
er 
A
s 
of
 2
00
9,
 th
e 
U
ni
te
d 
S
ta
te
s 
em
its
 1
7.
9%
 [7
] o
f t
he
 
w
or
ld
’s
 c
ar
bo
n 
di
ox
id
e 
ou
tp
ut
, s
ec
on
d 
to
 C
hi
na
.  
Fo
r M
or
e 
In
fo
rm
at
io
n:
 h
ttp
://
he
lio
s.
en
gr
.s
cu
.e
du
/w
or
dp
re
ss
/ 
J.3 CSTS Poster Session
333
!"
0 
20
0 
40
0 
60
0 
80
0 
10
00
 
12
00
 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10
 1
1 
12
 
AC Energy (kWh) 
Mo
nt
hs
 o
f t
he
 Y
ea
r F
ixe
d T
ilt 
2-
Ax
is 
Tr
ac
kin
g 
M
ot
iv
at
io
n 
Te
ch
ni
ca
l A
pp
ro
ac
h 
D
es
ig
n 
an
d 
R
es
ul
ts
 
• 
To
 c
ou
nt
er
 ri
si
ng
 e
ne
rg
y 
pr
ic
es
, e
ne
rg
y 
in
se
cu
rit
y,
 a
nd
 g
lo
ba
l c
lim
at
e 
ch
an
ge
, w
e 
m
us
t 
em
br
ac
e 
a 
gr
ee
n 
en
er
gy
 e
co
no
m
y.
 
• 
So
la
r e
ne
rg
y 
is
 th
e 
m
os
t a
bu
nd
an
t a
nd
 c
ap
ab
le
 
re
ne
w
ab
le
 re
so
ur
ce
. 
• 
So
la
r t
ra
ck
er
s 
ca
n 
im
pr
ov
e 
ph
ot
ov
ol
ta
ic
 (P
V)
 
po
w
er
 g
en
er
at
io
n 
by
 u
p 
to
 4
0%
 
• 
W
hi
le
 a
dv
an
ta
ge
ou
s 
to
 P
V 
sy
st
em
s,
 tr
ac
ke
rs
 a
re
 
10
0%
 n
ec
es
sa
ry
 fo
r C
on
ce
nt
ra
tin
g 
So
la
r P
ow
er
 
(C
SP
) s
ys
te
m
s.
 
• 
W
in
d 
lo
ad
s 
– 
ca
lc
ul
at
ed
 th
e 
m
ax
im
um
 re
ac
tio
n 
fo
rc
e 
on
 b
ot
h 
ac
tu
at
or
s 
an
d 
co
m
pa
re
d 
re
ac
tio
n 
fo
rc
e 
on
 th
e 
ba
se
 o
f t
he
 s
in
gl
e 
po
le
 d
es
ig
n.
 
• 
M
ec
ha
ni
ca
l h
ys
te
re
si
s 
– 
pr
ef
or
m
ed
 te
st
s 
on
 th
e 
pr
ec
is
io
n 
of
 th
e 
sy
st
em
. 
• 
H
yb
rid
iz
ed
 c
on
tr
ol
 –
 p
er
fo
rm
ed
 te
st
s 
on
 th
e 
co
nt
ro
l s
ys
te
m
’s
 p
er
fo
rm
an
ce
 
fo
r c
or
re
ct
in
g 
er
ro
r  
• 
!
"#
$%
&'
()
*'
+&
,#
-"
'.
//0
1
,'
"0
23
./
'0
2#
&"
4.
5
0"
'0
6'
7.
"&
/,
83
#2
20
2'
40
'4
9&
':
%"
;'
• 
<.
7.
=/
&'
06
'60
//0
1
#"
-'
:%
"'
49
20
%-
90
%4
'+
.#
/>
'.
"+
'
."
"%
./
'42
.?
&@
40
2#
&,
;'
• 
A
&,
#-
"'
./
/0
1
,'
60
2'
#"
&B
7&
",
#C
&'
."
+'
0D
'49
&'
,9
&/
6'
7.
24
,E
'2&
+%
@#
"-
'@
0,
4;
''
• 
F
=#
/#4
>'
40
',
40
2&
'49
&'
42
.@
G&
2'
#"
'.
'/0
1
H7
20
I/
&'
@0
"I
-%
2.
5
0"
'2&
+%
@&
,'
+.
"-
&2
0%
,'
1
#"
+'
/0
.+
,'
40
'
72
04
&@
4'
49
&'
+&
C#
@&
;'
• 
Pa
te
nt
 a
pp
lic
at
io
n 
fil
ed
! 
• 
A
ch
ie
ve
d 
lo
w
 p
ro
fil
e 
to
 re
du
ce
 w
in
d 
lo
ad
in
g.
 
• 
Su
cc
es
sf
ul
 h
yb
rid
 c
on
tr
ol
 s
tr
at
eg
y 
to
 im
pr
ov
e 
ac
cu
ra
cy
 a
nd
 re
du
ce
 in
st
al
la
tio
n 
co
st
s.
 
• 
O
pe
n 
lo
op
 –
 a
cc
ep
ta
bl
e 
er
ro
r o
f +
/-7
º. 
• 
C
lo
se
d 
lo
op
: E
ng
ag
es
 w
he
n 
op
en
 lo
op
 h
as
 
ac
ce
pt
ab
le
 e
rr
or
. A
dj
us
tm
en
ts
 m
ad
e 
in
 0
.2
5°
 
in
cr
em
en
ts
 
C
on
cl
us
io
n 
#$
%&
&'
"&
(")
*+
,*
--
.,
*+
/"0
1
$-
"&
("2
*3
-.
+.
43
54
6-
"7
-8
-4
.$
%/
"9
,'-
:
"4
*3
";
4.
,4
"7
&-
'4
*6
8"
<-
''&
=
8%
,>
"?
-*
6-
."
&(
"#
$,
-*
$-
/"@
-$
%*
&'
&+
A"
4*
3"
#&
$,
-6
A/
"B
")
CD
"C
E"
C.
&+
.4
:
""
A
ck
no
w
le
dg
m
en
ts
: 
